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The first part of this thesis describes the narrow band 
fading characteristics of 40GHz (low absorption window) 
and 60GHz (oxygen absorption peak) portable radio signal 
propagation in a variety of indoor and outdoor 
environments. The fading mechanism is explained from the 
fading envelopes and the power spectra. The cumulative 
distribution and the level crossing rate and average 
duration of fades of the received signal envelope are 
presented. The effect of different partition materials on 
the fading statistics has also been examined.
The design and construction of a two branch frequency 
diversity reception scheme incorporating an A.F.C system 
in both the 40GHz and 60GHz receivers is described.
The last part of this work describes the frequency 
diversity propagation measurements that have been 
conducted at 40GHz and 60GHz, with the branch signals 5,10 
and 15MHz apart, in a variety of indoor and outdoor 
environments. The improvement of the selection combination 
scheme in reducing multipath fading is shown as cumulative 
distributions and level crossing rate and average duration 
of fades of the branch and selected signals. The power 
spectra of the fading envelopes are used to explain the 
difference in performance at the various locations in the 
environments.
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The demand for mobile radio services has increased rapidly 
in the last two decades. The annual growth of land mobile 
radio in the United Kingdom was 15 percent per annum over 
the period 1965-1975[1]. The last twenty years have 
witnessed a growth of 10 percent per annum. It has been 
conservatively estimated that if this rate were to be 
maintained there will be in excess of 2.5 million users by 
the year 2000[2]. However, the portion of the radio 
frequency spectrum allocated for use by land mobile radio 
is very restricted. The increasing demand for radio 
channels has caused successive reduction in the channel 
bandwidth to 12.5KHz at VHF and 25KHz at UHF. This has led 
to severe congestion and pollution in the radio frequency 
spectrum.
Substantial expansion of the capacity of mobile and 
portable radio communication systems in order to meet the 
increasing demand and accommodate future wide band 
services will require additional frequency spectrum. One 
example where large amounts of spectrum are available is 
the millimetre wave band[3].
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All propagation in the electromagnetic spectrum suffers, 
to a degree, from absorption of the electromagnetic energy 
by atmospheric gases and attenuation by atmospheric
aerosols. The absorption of millimetre waves due to 
atmospheric gases is shown in figurel.l. The absorption in 
an average clear air atmosphere at sea level in the 
frequency range 30 to 52GHz will not exceed ldBKm * and
for much of this range it will be considerably less. Close
to 60GHz strong oxygen absorption causes a loss of about 
15dBKm *, but this falls to below ldBKm * in the range 67 
to 115GHz and 125 to 160GHz.
The attenuation of millimetre wave frequencies by 
atmospheric aerosols such as rain, fog, and snow varies 
considerably with rainfall rate[4], fog type and 
visibi1ity[5] and drop size distribution[6]. For example, 
it has been estimated that the atmospheric attenuation at 
60GHz, for 0.01% of the time of an average year over a 
2.5Km path, in addition to the free space, loss in the 
United Kingdom, would range from approximately 20 (rain)
+15 (oxygen) =35dB to 29 (rain) +15 (oxygen) =44dB[7].
Several advantageous factors[8] in the millimetre wave 
band compensate for the serious effect of atmospheric 
attenuation. The large available bandwidth can accommodate 
a large number of users with high information rates and 
could be a relief for the congested frequency spectrum at
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present allocated for use by mobile radio. Also a wide 
bandwidth permits the use of spread spectrum techniques to 
provide jamming resistance and interference rejection. 
High atmospheric attenuation provides secure and 
interference free communications, over a limited range 
especially in the absorption band. This helps to define 
the cell boundary and improves frequency re-use in 
cellular mobile radio.
The inherent compactness of the RF components at the 
millimetric wavelengths will reduce the size and weight of 
the equipment. Narrower beamwidths are possible, providing 
higher resolution and hence better precision. This is 
important for reducing the possibility of scattering in a 
mobile radio environment.
Beside the susceptibility of millimetric propagation to 
atmospheric attenuation, the equipment costs are 
comparatively high but new advances in solid state 
technology and innovative design[9] can substantially 
reduce these costs. In recent times new combinations of 
waveguide and planar structure (fin-lines) have been 
developed to reduce cost and weight and to increase 
reliability and productivity[10]. However, high power 
sources still pose a problem at all millimetre wave 
frequencies.
The advantages of millimetre wave frequencies have given
3
rise to several civil and military applications. 
Point-to-point systems can be purchased in West Germany 
and Japan[ll] in the 50 to 60GHz region. Also applications 
for rail ''and road communications[ 12] , local TV 
distribution[13], satellite communications[14], and 
telephone subscriber loops for remote subscribers[15] have 
been reported.
Millimetre waves exhibit a combination of features which 
make their use attractive for some military applications. 
A prime motivation for employing millimetre wavelengths in 
radar[16] is the need for a narrow beam without an 
excessively large antenna aperture which can achieve high 
resolution for target tracking and discrimination. Another 
area of great potential utilisation for military use is a 
secure and interference free communications employing 
narrow beamwidth antennas at frequencies near 60GHz, where 
the atmospheric attenuation limits the range of 
detectability.
Besides the problems of atmospheric attenuation and 
absorption of millimetre wave frequencies, a mobile radio 
channel suffers from multipath distortion. In contrast to 
conventional mobile radio, it has been shown that Man-Made 
noise is negligible for frequencies above 4GHz[17].
It has already been proposed that future millimetric 
wavelength, portable and mobile radio systems will be
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configured with many small cells having low powered base 
stations with street lamp level antennas. This cellular 
configuration contrasts with conventional design for urban 
mobile systems in which one centrally located high powered 
base station with an elevated antenna is employed to serve 
a large coverage area. Cellular mobile radio utilises the 
frequency spectrum more efficiently and hence provides 
more radio channels. The high atmospheric attenuation of 
millimetre wave frequencies helps to define the cell 
boundaries, improving frequency re-use and providing 
secure and interference free communications.
In conventional mobile radio systems, where one centrally 
located base station with an elevated antenna is utilised, 
the transmission path between a base station and a mobile 
unit is mainly by reflection and scattering and rarely by 
line of sight. The random amplitude and phase of the 
reflected waves create a standing wave pattern. As a 
vehicle moves through this standing wave pattern the 
received signal exhibits both rapid and slow fading. The 
amplitude variation of the received signal in such an 
environment, with no line of sight, has been reported to 
closely exhibit Rayleigh statistics as the vehicle moves 
within a small area[18]. However, in cellular millimetric 
wavelengths portable and mobile radio, propagation between 
base station and a vehicle is predominantly by line of 
sight and a small number of other paths due to signal 
reflections. As the vehicle moves the envelope amplitude
5
variations are caused by constructive and destructive 
interference of the direct component and reflected waves, 
with random amplitudes and arrival angles. The presence of 
the direct component with a large number of scattered 
waves causes the signal to have Rician distributed 
ampl i tude[ 19]. However if, in addition to the line of 
sight component, a small number of reflected waves 
constituted the received field strength the received 
signal statistics will neither follow Rayleigh nor Rician 
statistics. Line of sight propagation measurements at 
55GHz[20] where the transmitter was located few metres 
above the street level have shown that the amplitude 
variation of the received signal, for a vehicle moving 
over lOOmetres along a street, departs from the Rayleigh 
distribution when the terminals are close to each other.
Indoors, microcellular millimetric wavelength portable 
radio communication systems can be successfully 
implemented. Good spectrum efficiency and higher user 
density can be achieved through the intensive frequency 
re-use possible from the isolation afforded by partitions, 
floors, etc. Propagation inside buildings depends on 
reflection from the surfaces of the room in which the 
transmitter is located. The spacing between reflectors 
such as partition walls will rarely exceed ten or twenty 
metres, whilst office furniture and the occupants^provide 
additional reflectors.
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Diversity reception is an effective method in mitigating 
multipath fading. It is based on the fact that radio 
signals arriving at the mobile unit over separate paths 
may have uncorrelated signal levels. The separation 
between paths may be either in space, frequency or time 
and sometimes polarisation. In millimetre wave mobile 
radio communications there are three major factors 
governing the choice of a suitable diversity system, 
efficiency, economy and spectrum occupancy.
Before any application of millimetric wavelengths for use 
in portable and mobile radio in an indoor and outdoor 
environment, it is necessary to have a detailed knowledge 
of propagation factors. At these frequencies there is 
currently very little propagation data available[21-24]. 
The work described by this thesis was concerned with 
investigating the propagation characteristics of portable 
and mobile radio systems operating in the low absorption 
window at 38.25GHz and in the oxygen absorption band at 
60.4GHz. The application and effectiveness of a single 
transmitter frequency diversity scheme to reduce multipath 
fading at both frequencies in indoor and outdoor 
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It has already been established that future millimetric 
wavelength portable and mobile radio communication systems 
will have a cellular structure. Cellular mobile radio is a 
system which offers a sensible radio service to a large 
number of users. The radio wave propagation between the 
base station and the mobile unit is confined to a well 
known area (cell) with minimum interference from 
appropriately distant cells which re-use the same 
frequency channel.
It has been proposed that the millimetre wave band, around 
the oxygen absorption about 60GHz, could be used for 
future cellular mobile communications[1] particulary in 
hot spots such as city centres, office blocks, major roads 
and motorway intersections. The propagation path between a 
base station and mobile unit is predominantly by line of 
sight and reflections from the signal scatterers. The 
random amplitudes and phases of the reflected waves create 
a standing wave pattern which, apart from the influence of 
any moving object is, constant in any particular area. As
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a vehicle moves through this standing wave pattern the 
received signal exhibits both rapid and slow fading with 
deep fades occuring frequently. The two distinctive types 
of fading both degrade the system performance in mobile 
radio communications.
2.2 Outdoor Cellular Mobile Radio Systems
Cellular mobile radio systems are characterised by a 
number of separate cells each with its own radio frequency 
channel allocation. The essential elements of the cellular 
concept are, frequency re-use and cell splitting. It also 
utilises the radio frequency spectrum efficiently and can 
supply more radio channels in response to a geographical 
pattern of demand.
Frequency re-use refers to the use of the radio channels 
on the same carrier frequency to cover different areas 
which are separated from one another by sufficient 
distances so that co-channel interference is not 
objectionable. Further growth in demand for more radio 
channels within a cell can be met by allowing that cell to 
contain several cells (cell splitting).
The cells are interconnected with each other through a 
control centre or central office in order to provide 
continuous communications as the mobile crosses the 
boundaries between the cells (handover) and also to switch
14
a mobile to a new frequency allocation as it passes from 
one area to another (roaming).
In general, mobile radio systems are composed of a cluster 
of cells which, between them, use all the available 
frequency channels. Figure2.1 shows an ideal system with a 
cluster of 7 hexagonal cells. The co-channel re-use ratio 
of a cluster which has N cells, defined as the ratio of 
the distance between the centres of the nearest 
neighbouring co-channel cell (D) to the cell radius (R) , 
is given by[2]:
D/R=V 3 N 2. 1
The distance between adjacent hexagonal cells is given by 
y/~~3 R where R is the cell radius.
The geometry of the cell could take any regular polygon[3] 
which approximates the shape of a circle such as, the 
equilateral tringle, the square and the regular hexagon 
and can cover a plane with no gaps or overlaps.
Millimetre waves are an ideal candidate for use in 
cellular mobile radio communications. The cell geometry 
will have to be shaped so as to reflect the local 
topography such as a street, street intersections and 
roundabouts. The high atmospheric attenuation of 
millimetre wave frequencies, especially in the absorption
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regions, and buildings blockage cause the signal strength 
to fall off rapidly. This provides interference free and 
secure communications and also helpes to define the cell 
boundaries and improves frequency re-use.
Low power transmitters could be mounted on street lamps or 
traffic signal posts to serve a well defined area. Within 
an urban area with a high density of buildings, a possible 
arrangement of a cellular network in the streets between 
the buildings at 60GHz has been proposed[4] and shown in 
figure2.2. Other possible cellular network at a road 
junction using omnidirectional antennas and along a road 
using directional antennas are also illustrated in 
figure2.3 and figure2.4 respectively.
2.3 Indoor Cellular Portable Radio Systems
In an office environment, microcellular millimetric 
wavelength portable radio communication systems can be 
successfully implemented. Good spectrum efficiency and 
high user density can be achieved through the intensive 
frequency re-use possible from the isolation afforded by 
partitions, floors, etc. The definition of a cell depends 
on the architecture of the office building and the 
material used in its construction. Portable communication 
systems operating in the oxygen absorption band about 
60GHz have been proposed in the literature by Steele[5] 
and their feasibility has been initially examined by
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Huish[6]. Propagation measurements have concluded that 
most partition materials provide enough attenuation to 
allow frequency re-use even in adjacent rooms, except 
where coupling via doors and windows is possible[6].
Within a building, transmission could be from fixed radio 
ports attached to the ceilings of office rooms and 
corridors.
2.4 Outdoor Multipath Fading
In millimetric wavelength cellular mobile radio, the 
transmission between a base station and a mobile unit is 
predominantly by line of sight and a small number of 
reflected paths. The envelope amplitude variation of the 
signal transmitted over a mobile radio channel, as the 
vehicle moves, is caused by constructive and destructive 
interference of the direct component and reflected waves 
with random amplitudes and arrival angles. The vehicle 
motion introduces a Doppler shift which can be expressed 
as :
v
2irf =2TT“cosa 2.2n A n
where f is the n ^  wave Doppler frequency, v the vehicle 
speed, X the wavelength, and an the angle of arrival of 
the n**1 wave relative to the direction of motion.
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If a vehicle is moving at a velocity of v with no 
scatterers around the vehicle, as depicted in figure2.5, 
the received signal, VQ (t) can be expressed as:
VCOS0
v o ( t ) = a o E x p [ j 2 ir( f c +  x  ) t ] 2 3
where aQ is the amplitude of the direct component and f 
the transmission frequency.
The envelope of VQ(t) is constant and is equal to aQ . If
in addition a reflected wave arrives at angle /3, with
respect to the mobile velocity vector, the resultant
signal received by a mobile moving at a speed v is
represented as:
v v
V ( t)=aQExp[ j2ir(f c+ ^ cos0) t]+bQExp[ j2ir( f c+ ^ cos/3)]
2.4
where bQ is the amplitude of the reflected wave.
Equation 2.4 can be expressed in terms of inphase, X(t) 
and quadrature, Y(t) components as follows:
Vq ( t) =X( t)cosa>ct-Y( t)sino)ct 2.5
where
X( t )=aocos(2Tr— cos0) t+bQeos(2Tr ^ cos/3) t 2.6
Y ( t )=aosin(27r--^— cos0) t+bosin(2ir~— cos/3) t 2.7
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The envelope of the received signal after applying square 
law detection to equation2.5 is given by:
2 2D(t)=a +b +2a b c o s (2tt~  (cos0-cos/3) t) 2.8
v y o o o o  v A
This results in a standing wave pattern with a fading rate 
of ■ ^ (cos0-cos/3). Reflected waves off surfaces that lie 
close to the direct path between the transmitter and the 
receiver, because of the slow rate of change in the angles 
of arrival of reflected and direct component as the 
receiver moves away from the transmitter, will induce low 
frequency large amplitude variations. However, reflections 
from obstacles ahead of the vehicle cause faster amplitude 
variations with a maximum frequency of 2v/X. As a
consequence of this the received signal envelope, as the
vehicle moves, will exhibit a slow variation superimposed
on which is a faster fading.
In conventional urban mobile radio, the transmission path 
between a base station and a mobile unit is mainly by 
relections and scattering and rarely by line of sight. 
0ssanna[7] was the first to attempt an explanation of the 
statistical character of the received mobile radio signal 
in terms of a set of interfering waves. Based on work by 
Gilbert[8], Clarke[9] proposed the most widely accepted 
model for urban mobile radio and included Ossana’s model 
as a special case. Clarke’s model assumes that at any
point the received field is made up of a number of
19
horizontally travelling plane waves with equal amplitudes 
and random arrival angles in the azimuth plane. 
Additionally, the phase and angle of arrival are assumed 
to be uniformly distributed between 0 and 2ir. The phase 
and angle of arrival of each component signal are assumed 
to be statistically independent. Figure2.6 shows the n**1 
received signal component, at the vehicle antenna, as it 
travels in the x direction with velocity v. The x-y plane 
is assumed to be horizontal. Clarke assumed, in agreement 
with the central limit theorem, that the inphase X(t), and 
quadrature Y(t), components of the received signal are 
uncorrelated Gaussian processes with zero means and equal 
variances. The received signal envelope r, is given by:
r=(X2+Y2 )172 2.9
For millimetric wavelength cellular mobile environments,
horizontally travelling waves are unlikely to occur since,
to ensure a line of sight signal most of the time, the
transmitter is likely to be located a few metres above the
street level. To take this into consideration, AulinflO]
introduced a modified model considering a vertical
distribution of the arrival angles. A typical component
wave is shown in figure2.7. This is a plane wave with an
angle of arrival, a to the x-z plane and B to the x-yn n
plane. As his predecessor, Aulin assumes that the zero 
mean phase, X(t) and the quadrature, Y(t) components of 
the electric field are Gaussian random variables in
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agreement with the central limit theorem. The inclusion of
found to have an effect on the power spectra of the fading 
envelopes as described in section 2.4.2.
2.4.1 Probability And Cumulative Distribution functions
2.4.1.1 Rayleigh Distribution
The probability distribution function (PDF) is defined as 
the probability that the signal envelope can be expected 
to be found within a narrow range around a given level. 
Rice[ll] has shown that the PDF of the received signal 
envelope, r has a Rayleigh distribution given by:
2r _ r
p(r)= ^Exp( — ) r> 0 2.10
a 2 a
and illustrated in figure2.8
The received signal envelope of Clarke’s and Aulin’s model 
is therefore Rayleigh distributed.
The Cumulative Distribution Function (CDF), defined as the 
propability that the received signal envelope is less than 
a certain level, R, is given by:








The CDF of the Rayleigh distribution is shown in 
f igure2.9.
A graphical method of checking whether an observed set of 
measurements fits a distribution is very useful as it 
gives some visual indication of the pattern of variation. 
Such a technique makes use of Rayleigh probability paper 
in which the Rayleigh distribution appears as a straight 
line. The probability that the signal envelope of a 










2 2where X =2a and hence the median, R is given by:o
2 2 
R =0.69X 2. 15o
In logarithmic form and after substituting equation2.15, 
equation2.14 becomes:
The amplitude variation of the received signal in an urban 
environment, with no line of sight component, has been 
reported to closely exhibit Rayleigh statistics as the 
vehicle moves within a small area[12,13].
2.4.1.2 Rician Distribution
If the received signal consists of a relatively strong 
line of sight component plus attenuated reflected 
components, which form a random variable with a Rayleigh 
distribution, the signal statistics in this case will 
follow the Rician fading mode 1[14,10]. This model depends 
upon the ratio between the mean square value of the direct 
component and the scattering component. The PDF of the 
signal envelope is known as a Rician distribution and is 
given by:
2 2 
( xZ + AZ ) Ax
 J V T )  0 $ x $ " 2 1 72 a a
where K is the ratio of the specular signal component to 
the random multipath, A is the peak amplitude of the 
specular component and Iq( ) is the modified Bessel 
function of the first kind and zero order.
The extreme limits of Rice statistics occurs on one hand 
when the line of sight component becomes smaller or





nonexistent ( A-» 0 ) and on the other when it becomes
predominant ( A-» 09 ). The former leads to Rayleigh
statistics. It has been found that the Rician distribution 
with K<2 follows the Rayleigh distribution very closely.
Figure2.10 shows the cumulative distribution functions 
(CDF) of the Rayleigh and the Rician distributions for 
several values of K plotted on Rayleigh paper about the 
median.
The assumption of a large number of scattered waves 
arriving at the vehicle cause the resulting signal to have 
a Rayleigh distributed envelope. Even in presence of line 
of sight component (Rician model), the scattered waves are 
assumed to form a Rayleigh distributed random variable. 
This gives a resulting signal with a distributed envelope 
which is very much dependent on the ratio between the mean 
square value of the direct component and scattered 
components.
2.4.1.3 Cumulative distribution of a small number of 
components
Consider n unit vectors, each of which has a random phase 
angle, <J>n , uniformly distributed between 0 and 211, and x 
and y components cos<J>n and sin(j>n . Then:
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nV= J c o s ^  2. 18
K=1
n
W= Y sin(i>lc 2 * 19
K— 1
giving a received signal with an envelope, r given by:
r={V2+W2}1/2 2.20
For the simplest case, of n=2:
r={2+2cos(<|)1-(|)2 )}1/2 2.21
Norton et.al.[15] have shown that the distribution of r 
for n=2 is given by:
2
p(r>R)=— g cos"1; R 2 2— } 2 22
The distributions for n=3, n=4, and as n-**> have been
obtained by numerical methods which involve the addition, 
with a uniformly distributed phase, of a unit vector to 
vectors with the particular amplitudes obtained from 
equation2.22. The distributions of the resultant of 2, 3, 
4 and n-*» unit vectors, plotted on Rayleigh paper, are 




where V~n~~ is the root sum square value of n unit vectors 
added with random phase.
The rapid approach to a Rayleigh distribution as n 
increases is clearly shown by the curves n=2, 3, and 4
given in figure2.ll. It also appears evident from this 
figure that departure from the Rayleigh distribution for 
large n is greatest when the %probability is quite small. 
Greenwood et.al.[16] have given tables of the distribution 
of the resultant of n unit vectors including small 
%probabi1ities (1% and 5%), for all values of n from 6 to
24. These results provide a convenient means for 
determining how large n must be for a given departure from 
a Rayleigh distribution throughout a given range of 
probabilities. It has been found that the departure from a 
Rayleigh distribution at a probability of 1% is 0.52dB at 
n=6, 0.32dB at n=10 and 0.12dB at n=24. For larger values 
of probability the departures are even smaller.
In conclusion, the departure of the signal envelope 
distribution from Rayleigh depends upon the number of 
reflected waves that constitute the received signal. As 
few as six sinusoidal waves with independently varying 
random phase will give a resultant whose envelope closely 
follows the Rayleigh distribution.
Line of sight mobile radio propagation measurements at
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55GHz[17] and 60GHz[18], with the transmitter located a 
few metres above the steet level, have shown that the
amplitude variation of the received signal departs from 
the Rayleigh distribution when the vehicle is near to the 
base station. However, the amplitude variations produce a 
near Rayleigh distribution when the distance between the 
vehicle and the base station is longer.
2.4.1.4 Log-normal Distribution
Another distribution which has been found to fit some 
fading data is the log-normal distribution. This 
distribution is used to describe the local mean for
various mobile radio channels[13,18,19], and is uniquely 
described by its mean, x and standard deviation, a. The 
probability density function is given by:
p (r) =— — — Exp[z LL2S2L_I_JSJ— ] 0 < x < °o 2.23
V 2ir a 2a
Figure2.12 shows the cumulative distribution functions 
(CDF’s) of the Rayleigh and log-normal distributions for
several values of a plotted on Rayleigh paper about the
median.
2.4.2 Power Spectrum
Other expressions which are functions of mobile speed and
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frequency such as power spectra of the fading envelopes, 
level crossing rate, and fade duration are given by 
Clarke[9] and Gans[20] for the Rayleigh fading model.
The RF power spectrum was derived assuming that the 
distribution of power with arrival angles is a continuous 
distribution. Following Clarke, Gans assumed that the 
distribution of power with arrival angles,a is uniform 
such that:
P(a )=_2jt—  -ir < a < tt 2.24
If a vertical monopole antenna is used to detect the 
vertically polarised electric field with constant gain, 
the RF power spectrum is shown in figure2.13 and given by:
1
S(f)=--------------7— ?------- 2.25
T { [ 1- C T-S-)2 ]m L v f 1 J m
where f is the maximum Doppler m
transmission frequency. The RF power 
at the transmission carrier frequency 
of twice the maximum Doppler shift.
If a direct line of sight component arrives at angle aQ , 
with respect to the mobile velocity vector, it appears in 
the RF power spectrum as a single frequency of fc+fmcosaQ 
as shown in figure2.14.
shift and f the c
spectrum is centred 
and has a bandwidth
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In his modified model, allowing for vertical distribution 
of the arrival angles, Aulin[10] computed the RF power 
spectrum assuming the distribution of power with arrival 
angles,0 as follows:
S I I S   2.26
m
Although both models predict the same shape of the RF 
power spectrum, Aulin’s model contains low frequency 
components with more energy than Clarke’s model and the 
spectrum does not go to infinity as f-*f . Experimental 
results of a propagation study on a 55GHz line of sight 
radio link, with the transmitter located few metres above 
the street level[21], have shown that neither Clarke’s nor 
Aulin’s model predict the actual measured power spectra.
The spectrum of the received signal envelope is given 
by[22]:
b
S (f)=--- —  K{V"~; ‘ f 72"} 2.27
12lrf 1 - <-2f- >m m
where f is the maximum Doppler frequency, K{ } the
complete elliptic integral of the first kind and b theo
mean power. This baseband spectrum has a sharp cut off
frequency at twice the maximum Doppler frequency provided 
that the mobile speed is almost constant. A mobile
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travelling at a random speed will lead to a smeared
spectrum with no sharp cut off. In the presence of a line
of sight component, the baseband spectrum has two peaks,
located at f (licosa ), where f is the maximum Doppler m v o/ m
frequency and aQ the angle of arrival of the direct 
component with respect to the mobile velocity vector, but 
still cuts off at twice the maximum Doppler frequency.
The following expressions for level crossing rate and fade 
duration of the Rayleigh fading model are obtained 
from[22] and are illustrated in figure2.15 to figure2.18 
respectively, for different values of mobile speed and 
transmission frequencies of 38GHz and 60GHz.
Level Crossing Rate:
N„=V 2tr f —— Exp[-(— — )^] crossing/sec 2.28K m K Ko o
Average Fade Duration:
7It_ EXP E~ (R/Ro )2] ~ 1 seconds 2.29
(R/R ) f V 2n v o * m
2
where f^ is the maximum Doppler frequency, R q the mean 
signal power and R is a specified signal level.
2.5 Indoor Multipath Fading
In an indoor environment, multipath fading is caused by 
the interaction of the line of sight component and
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reflected waves from the walls, ceiling, ground, and other 
objects within the building. The propagation 
characteristics depend on the architecture of, and the
materials used for, the building.
Characterisation of the portable radio channel requires a 
comprehensive examination of the electrical properties 
such as reflectivity and transmissivity of different
partition materials as well as intensive propagation 
measurements. Early statistical measurements of the 
amplitude fluctuation of a 900MHz radio signal in an
office environment[23] have shown that the variation of
the received signal forms a random variable with a 
Rayleigh distribution. Recent attempts have also been made 
to predict the statistical character of indoor portable 
radio signals at frequencies around lGHz[243. Work by 
Rappaport[25] dealt with fitting the amplitude fluctuation 
of the received signal within a factory to some 
statistical distributions.
At millimetre wave frequencies there is currently very 
little propagation data available for indoor 
environments[26,27]. These studies have dealt with 
measuring the distribution of the received signal envelope 
in different rooms. In a confined environment, the primary 
signal reflectors are the surfaces that lie close to the 
direct path between the transmitter and the receiver. 
These reflectors, because of the slow rate of change in
31
the differential path length between reflected and direct 
component as the mobile terminal moves away, cause a slow 
variation of the received signal envelope. Reflections 
from obstacles opposite to the transmitter and the far 
walls cause a faster fading superimposed on the slow 
variation. The relative amplitudes of the various 
reflected components and the direct component vary 
significantly over the confined environment, and a wide 
variation of the cumulative distribution of the received 
signal envelope, from Rayleigh, is possible.
2.6 Propagation Path Loss
2.6.1 Free Space Transmission
The power received by an antenna separated from a 
radiating antenna by a distance d, provided there are no 
objects in the region that absorb or reflect energy, is 
given by:
p r=Pt t ^ d - 3 2g tgr 2.30
where pr is the received power, p^ is the transmitted 
power, X the wavelength, g^ the power gain of the base 
station antenna, and gr is the power gain of the mobile 
unit antenna.
The free space transmission formula depends on the inverse
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square of the antennas separation. However, for 
conventional mobile radio communications the radio waves 
are modified by reflections so that the propagation path 
loss is usually greater than would be expected for free 
space.
2.6.2 Propagation Over a Plane Earth
The propagation path loss over a plane earth, such that a 
direct wave and a reflected wave from the ground are 
present as shown in figure2.19, is given by[22]:
pr=4pt( 4ird } g rg tsln ( u  ) 2.31
where h is the base station antenna height and h the r t
mobile antenna height.
For conventional mobile radio where one centrally located 
high powered base station antenna is employed to serve a 
large coverage area, the argument of the sine term in 
equation2.31 is small, so:
0 2irh h ^ 2wh h ^. 2 ,  r t v , r t
Sln (----\d--->=( Xd 2.32
substituting this into equation2.31 gives:
pr=ptgrg t<
h r h t ^2 
o ) 2.33
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Thus, when the distance between the base station and the
mobile unit is large, the received power is proportional 
-4to d . Propagation measurements near 900MHz in two 
different cities made by independent workers in 
NewYork[28] and Tokyo[29] indicated that the median signal 
power is proportional to d n where n was less than 4 and 
greater than 2 and was dependent on the base station and 
mobile unit antennas height as well as the distance 
between them.
For cellular millimetric wavelengths mobile radio, the 
argument of the sine term in equation2.31 is no longer 
small and the inverse fourth power with distance 
relationship is not valid. At millimetre wave frequencies 
the assumption of a plane earth may not be valid due to 
surface irregularities. A measure of the surface roughness 
that provides an indication of the range of validity of 
equation2.31 is given by the Rayleigh criterion as 
follows:
q =_4tto0_ 2 34
where a is the standared deviation of the surface 
irregularities, 0 is the angle of incidence, and A the 
wavelength. Experimental evidence shows that for most 
practical paths at microwave or higher frequencies Q > 0.1 
and the effects of roughness must be taken into
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consideration.
Line of sight propagation measurements in Denver[30] have
shown that the received signal amplitude at 28.8GHz, with
the transmitter located few metres above the ground,
_2
exhibits a normal roll off ( d ) as a function of the 
transmitter receiver separation. However, the received 
signal amplitude at 57.6GHz showed an additional roll off 
due to the molecular oxygen absorption (approximately 10 
dBkm *). Other 60GHz propagation measurments between a 
handheld roaving transmitter and a receiver located at 
street lamp elevation have shown a distance exponent of
2.2 (d- 2 2 )[31].
Besides the propagation path loss, the attenuation of 
millimetre wave frequencies by the atmospheric gases and 
aerosols should be taken into consideration. It has been 
reported that the attenuation of millimetre wave
frequencies in dBkm * by rain follows the relation aR^,
where a and b are frequency dependent constants and R is 
the rain fall rate in millimetre per hour[32]. As a
practical example it has been found that the 38, 57, 97,
137GHz radio wave signals were attenuated by 12.8, 17.8,
19.7, and 28.8dBkm * over a path 500 metres long with a 
rain fall rate of about 50mmh **.
Indoors, the performance of a portable millimetric 
wavelength radio communication systems will depend
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strongly on the attenuation characteristics of the radio
signals propagating within a building. It has been
reported that the median received power of a 60GHz radio
—  1 8signal decayed with distance as d * inside a timber
-1 2framed building with plasterboard partitions and as d
inside a building with autoclaved aerated concrete
-2 7block[27]. Furthermore, an exponent of 2.7 (d ’ ) was 
measured in an office environment with plaster covered 
concrete walls[26].
2.7 Edge Diffraction
In general, radio communications at millimetre wave 
frequencies cannot be expected to provide coverage into 
areas much beyond the line of sight. If a millimetre wave 
beam hits the corner of a building, edge diffraction will 
scatter a certain amount of power into the geometrical 
shadow region as shown in figure2.20. The field strength, 
F(u) received by an antenna placed at point p behind the 
knife edge has been computed theoretically in [33] and 
yeilds to the Fresnel integrals in terms of u, where u is 
the Fresnel parameter and given by:
k d l ,1/2 „U = ( --jr-  ---- ----) y 2.35
V 7T(d1 +  z)z J J
Experimental study of edge diffraction at 38GHz and 
60GHz[33] has shown that the depth to which a receiving 
antenna can be moved into the geometrical shadow zone of
36
an obstruction is limited. If the signal attenuation due 
to shadow effect is restricted to 30dB, this depth is of 
the order of few metres.
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Chapter3
TIME DELAY SPREAD AND METHODS OF MITIGATING MULTIPATH
FADING
3.1 Introduction
The multipath fading of the received signal, described in 
Chapter2, which a mobile experiences is caused by various 
reflected paths, each of which will traverse a different 
route and therefore give rise to different propagation 
time delays. The difference in the arrival time of the 
signals from various paths is proportional to the length 
of the path, which is affected by the size of the 
environment and the objects around the transmitter and the 
receiver.
Severe performance degradation associated with the fast 
and deep fading means that a much higher average signal 
level is required to match the nonfading case. This can be 
achieved by employing an extremely high power transmitter. 
However, this contradicts the inherent advantage of 
cellular portable and mobile radio systems in which a low 
power base station is utilised to minimise interference.
An alternative method of combatting multipath fading is
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the utilisation of special modulation and reception 
techniques, which are less vulnerable to fading effects, 
such as spread spectrum and diversity schemes.
3.2 Time Delay Spread
The wideband characteristics of portable and mobile radio 
channels are different from those of narrow band channels. 
For narrow band signals the emphasis is on the received 
signal envelope, as discussed in chapter2, whereas for 
high data rates or inherently wideband communication 
systems such as spread spectrum, the delay spread 
associated with various reflected paths is also important. 
A measure of the time delay spread for portable and mobile 
radio channels, which gives an indication about the width 
of the power delay profile of a mobile radio signal, is 
the root mean square value of delay spread.
In conventional mobile radio communications, the spread in 
time delays range from a fraction of microsecond in 
suburban areas[l] to a few microseconds in urban areas[2]. 
However, in cellular mobile radio, where a relatively 
strong line of sight component exists, the spread in time 
delays is much less. This has been confirmed 
experimentally by measurements made at 910MHz with low 
base station antenna height[3]. The measurements have 
shown that the root mean square delay spread average, with 
powers greater than 25dB below the peak value, was less
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than conventional systems by a factor of approximately 
four. Devasirvatham[4] measured the root mean square delay 
spread in the streets of a small city at 850MHz as 
llOnsec, for cell sizes under 75m in radius, and 329nsec 
for cell radii below 150m.
Indoors there are less signal scatterers available and 
shorter distances between reflectors (walls) compared with 
the oudoor environment. Consequently, the delay spread 
between arriving paths are smaller, resulting in a smaller 
time delay spread. Under line of sight conditions 
experimental measurements confirmed that the root mean 
square time delay spread is less than 100nsec[5,6].
,3.3 Coherence Bandwidth
The existence of different time delays, in the various 
component paths that constitute the field strength, will 
cause the statistical properties of two components of 
different frequencies to become independent, i.e. the 
fading phenomenon becomes frequency selective if the 
frequency separation is large enough. The maximum 
frequency difference for which the signal envelopes are 
still strongly correlated is called the coherence 
bandwidth of the mobile radio transmission path.
The relationship between the coherence bandwidth and time 
delay is dependent upon the number of reflected waves
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which contribute to the signal received at the mobile 
antenna.
Consider a two ray model in which signals, from the same 
transmitter, are received via two paths with propagation 
times of Tj and t^. Consequently the phase angle between 
the two signals is gjt, where g> is the frequency and t  is 
the difference in propagation times of the two signals 
(T^-Tg). The two signals add destructively to produce a 
multipath null when:
w T=2Trn+ir n=0,1,2....... 3.1
However, re-inforcement of the signals occurs when:
For the resultant signal at to be a maximum while the
signal at is a minimum then:





Thus a change in frequency of Af will alter the signal 
amplitude from a local maximum to a local minimum, and
consequently the fading phenomenon becomes frequency 
selec t ive.
The relationship between the coherence bandwidth and time 
delay spread depends on the type of the environment, and 
is much more complex when a large number of reflected 
waves arrive at the receiving antenna.
3.4 Spread Spectrum Mobile Radio In Multipath Fading
Spread spectrum systems are literally those in which the 
transmitted signal is spread over a wideband of 
frequencies. Signal spreading can be achieved by 
modulating the carrier with a digital stream whose bit 
rate is much higher than the information rate (direct 
sequence spreading) or by shifting the carrier frequency 
in discrete increments in a pattern defined by a digital 
sequence. A general spread spectrum receiver relies on 
correlation and orthogonality between sequences for its 
operation, especially under conditions of multi-user 
operation. It is the correlation process that gives rise 
to the main features of spread spectrum systems. The 
defining parameters of a spread spectrum system are the 
system process gain Gp, defined as the ratio of bandwidths 
from after and before the spreading operation at the 
transmitter, and the jamming margin which is a measure of 
the ability of the system to operate under interfering 
condi tions[7].
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In exchange for a large bandwidth, spread spectrum mobile 
radio systems have the primary advantages of selective 
addressing, code division multiplexing and interference 
rejection. Selective addressing arises by the use of 
individual code sequences dedicated to each mobile user. 
With the correct choice of the type of codes used code 
division multiplexing also becomes possible, therefore 
allowing a multi-user system. Additional important 
properties of the sequences involved are also utilised for 
interference rejection and mitigating multipath fading.
The most common sequence used in spread spectrum is the 
well known pseudo-random binary sequence. The sequence has 
a length of M bits, and a width of a single sequence bit 
of D. Consequently, the sequence repetition rate is 1/MD 
and its clock rate is 1/D. The power spectrum of such 
sequence is given in figure3.1. These sequences result in 
a line spectrum with the spacing of spectral lines equal 
to 1/MD. The spectrum lines are bounded within an envelope 
described by:
sirnrDf *2 0 ^
" J U • Uv wDf
which produces nulls in the output spectrum at integer 
multiples of 1/D.
Expressions for the probability of error as a function of
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the signal to noise ratio of conventional phase shift
keyed transmission (PSK) and a phase shift keyed
transmission enhanced by direct sequence spread spectrum
modulation have been derived by Cline[8]. Cline assumed
that the diffuse multipath energy consists of a large
number of discrete paths each of which fade due to the
motion of the mobile according to Rayleigh amplitude
statistics and that all diffuse paths are uncorrelated. It
is also assumed that the multipath consists of a specular
component with diffuse multipath interference power
smeared uniformly over a differential time delay
(T -T . ). It has been shown that a PSK direct sequence v max m m '  ^
spread spectrum system offers the possibility of improved 
performance over simple PSK; the improvement however, is 
reduced when the diffuse energy correlates to some degree 
with the specular component. It has been found that a 
further increase in spread spectrum process gain , 
although giving rise to a further improvement in error 
probability, does so by only a slight amount. Therefore, 
the improved performance of a direct sequence spread 
spectrum system over the basic PSK can be maximised by 
controlling the correlation coefficient between the 
specular component and diffuse paths.
The correlation could be reduced by making use of the 
coherence bandwidth. If the frequency separation between 
the spectral lines of the direct sequence signal is 
greater than the coherence bandwidth i.e.
56
 ^ ->coherence bandwidth 3.7MD
then each spectral line would fade independently, so 
reducing the correlation coefficient.
The existence of a large coherence bandwidth in line of 
sight cellular mobile radio would require a prohibitively 
large spreading bandwidth to be used, as the spreading 
bandwidth must be greater than 2H times the coherence 
bandwidth. Alternatively, to keep the multipath energy 
outside the correlation aperture of a spread spectrum 
receiver, it has been shown that[9]:
M > _ D m a x  3 g
Dmin
where T~ . is the minimum multipath delay and T~ the Dmin ^ J Dmax
maximum multipath delay.
In frequency hopping systems, to combat multipath fading, 
the frequency hopping transmitter and receiver should hop 
to another frequency before the multipath signal arrives 
at the receiver. This would make it necessary for the 
system to hop at rate given by:
Hop Rate>  ------ 3.9
(T - T.) v m d y
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where Tm is the multipath propagation time delay and is 
the direct path propagation time.
3.5 Diversity Techniques For Mobile Radio Reception
Diversity reception for improving the received signal in 
mobile radio communication systems arose in the late 
1960's and a number of schemes have since been proposed. A 
survey of diversity reception techniques has been 
presented in literature by Parsons et.al.[10]. The basic 




The choice of a suitable diversity system is goverened by 
three major factors:
1. Ef f iciency
2. Spectrum Occupancy
3. Economy
In millimetric wavelength portable and mobile radio 
systems, there is no tight limitaion on spectrum occupancy 
as there is for conventional VHF and UHF mobile radio 
systems. Thus the efficiency and economy are of greater 
importance in evaluating millimetre wave mobile radio 
systems utilising diversity reception.
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3.5.1 Space Diversity
Space diversity is relatively simple to implement and does 
not require additional frequency spectrum. The basic 
requirement is that the spacing of the antennas at the 
receiving terminal is chosen such that the individual 
branch signals are uncorrelated. Spatial correlation 
functions based on expressions derived by Clarke[ll] for 
his Rayleigh fading model are shown in figure3.2. These 
results show that independent fading signals can be 
obtained at the mobile receiver from two omnidirectional 
antennas separated by A/4 or more apart. This scheme is 
well presented in the literature for conventional urban 
mobile radio communications[12.13].
A space diversity system requires one transmitter at the 
base station. Two antennas spatially separated are 
required at the mobile receiver with suitable combination 
or selection of the diversity branches. This scheme could 
also use two antennas at the base station and one antenna 
at the receiver.
3.5.2 Time Diversity
Time diversity involves the repetition of the information 
signal and hence, delays the effective information 
transfer. Sequential amplitude samples of a randomly 
fading signal, if separated sufficiently in time, will be
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decorrelated with each other. However, the minimum time 
separation between samples, t  , is inversely proportional 
to the baseband fading rate (twice the maximum Doppler 
frequency). Therefore:
Ts=~2V7\ 3 10
where V is the vehicle speed and X the wavelength.
For a vehicle speed of 20mph, this time is on the order of
0.4-0.28msec for frequencies in the 40-60GHz range 
respectively.
When the vehicle is stationary (V=0), the time separation 
is infinite. Therefore the advantages of time diversity 
will be lost especially if the vehicle is stationary at a 
point where the received signal envelope exhibits deep 
fading.
Time diversity requires coding circuitry, which provides 
redundancy of the information to be sent prior to 
transmission via the base station antenna, and a decoder 
in order to retain the original transmitted information at 
the receiving side. The complexity of such a system 
depends upon the type of coding and decoding employed. 
However, because duplication of expensive millimetre wave 
components is not required, it could be inexpensive.
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3.5.3 Frequency Diversity
Instead of receiving the desired signal from spatially 
separated paths as in space diversity, different 
frequencies can be employed to achieve decorrelated 
diversity branches. The frequencies must be separated 
enough so that the fading associated with different 
frequencies is uncorrelated. The coherence bandwidth is a 
convenient quantity to use in describing the degree of 
correlation which exsists between the transmission of 
different frequencies.
Clarke[ll] derived expressions for the correlation between 
the Rayleigh distributed fading envelopes, assuming an 
exponential time delay distribution, as a function of 
frequency separation between them. Clarke expressed the 
magnitude of this correlation as:
p{AVf) |=--------- ----- 2-1/2—  3 1 1
[ 1 + (AW T) ]
where AW is the frequency separation in radians per second 
and T is the time delay spread. This equation is 
illustrated in figure3.3 for different values of time 
delay spread.
A frequently used measure of the coherence bandwidth in 
conventional mobile radio systems, where fading follows 
Rayleigh statistics, corresponds to the frequency
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separation when the envelopes correlation is 0.5. It is 
clear from these curves that, for a time delay spread of 
75nsec in a small cellular mobile radio environment, the 
coherence bandwidth is about 3.7MHz if the channel 
exhibits Rayleigh fading statistics.
In completing the discussion of the Rayleigh fading model,
deterioration in performance of a selection diversity
system when the branches are partially correlated is shown
in figure3.4. These results are derived from expressions
given by Bennett et.al.[14] and show that the signal,
after selection combining, is 10.5dB better than Rayleigh 
2
fading (p =1) for the 99% reliability point with
2
completely uncorrelated signals (p =0). Even for a
2
correlation as high as 0.89 (p =0.8) the combined signal 
is 6.9dB better than no diversity for the 99% reliability 
point.
In millimetric wavelength cellular portable and mobile 
radio systems, the frequency correlation statistics will 
be different from those of conventional systems. This is 
due to the presence of a relatively strong line of sight 
component between the base station and the mobile user. 
Therefore, it is expected that the frequency correlation 
functions for cellular line of sight channels will remain 
at high values over very large bandwidths. In contrast, 
the frequency correlation functions computed for Rayleigh 
fading channels, figure3.3, show rapid reduction in the
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correlation values as a function of frequency separation. 
Microce1lular line of sight and conventional mobile radio 
propagation measurements at 910MHz have shown that the 
frequency correlation functions for microce1lular channels 
are significantly different from those for conventional 
channels[3]. The frequency correlation functions remain at 
high correlation values (>80%) over a large bandwidth, 
whereas those for conventional Rayleigh fading channels 
decreases fairly rapidly as a function of frequency 
separation.
A bandwidth study of multipath line of sight propagation 
at 55GHz in which two coherent sidebands symmetrically 
disposed around the carrier with frequency separations 
between 25 and 320MHz has been reported[15]. The study has 
shown that the correlation coefficient between the 
diversity branches was highly dependent on the part of the 
run where the samples were taken and also on the length of
the sampling time. These results are shown in figure3.5 in
which three different points for each frequency separation 
are plotted. Each point corresponds to a different sample 
from the same experimental run. The conclusions were that 
25MHz could be considered a good estimation for the 
coherence bandwidth, but to obtain a better estimate it
would be necessary to take more measurements for frequency 
separations below 25MHz. The measurements were conducted 
for an average car speed between 10 and 12mph and a
sampling rate of 5000samples/sec.
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Frequency diversity millimetre systems require one 
relatively broadly tuned antenna at the mobile receiver 
and a means of selection or combination of the diversity 
branch signals. The base station must have the facilitiy 
of providing two copies of the same signal at different 
carrier frequencies. This technique as described here, 
seems to need more system complexity in comparison with 
space diversity as well as requiring twice the spectrum 
occupancy. However, a frequency diversity scheme, which 
utilises one transmitter to provide two identical copies 
of the signal centred at different frequencies, and 
requires less system complexity than space diversity, is 
described in section 3.7.
3.6 Combination Techniques and Improvement in Signal 
Distributions
In a diversity system, there is available two or more 
closely similar, but statistically independent, copies of 
the same signal at the receiver. These more or less 
independently fluctuating signals are known as diversity 
branches. Suitable combination or selection will 
significantly reduce the depth of fading that would be 
observed at any branch alone.
Scanning diversity[16] is a technique of a switched type 
in which a branch is selected which has a signal level
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above a threshold. This signal is retained until it drops 
below threshold, and the system then scans the other 
branches until it again finds a signal above threshold.
Selection diversity systems, select the branch with the 
highest signal plus noise, which is equivalent to
selecting on a signal to noise basis if the branch noise 
levels are identical. The performance of 2 and 3 branch 
selection diversity schemes with Rayleigh fading envelopes 
can be seen from the cumulative distributions, plotted on 
Rayleigh paper, given in figure3.6. The derivation of
these distributions follow Brennan[17].
The effectiveness of a diversity technique in reducing 
multipath fading can be described by the diversity gain, 
defined as the amount by which the signal in a single 
diversity branch would have to be increased to achieve the 
same reliability as the diversity system. Figure3.6 shows 
an . improvement of lOdB at 99% reliability and 20dB at 
99.9% reliability for dual branch diversity.
In combining techniques, the diversity branch signals are 
co-phased and added coherently. In maximal ratio
combining, the branches are weighted proportionately to
their signal voltage to noise power ratios and summed. 
Alternatively, the weighting factors may be all set equal 
to a constant value of unity, which results in equal gain 
combining.
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Figure3.7 illustrates a comparison in performance of dual 
selection and combination schemes. These distributions are 
drawn from expressions derived by Brennan[17]. It can be 
seen that the differences between the distributions are 
quite small with maximal ratio combining offering 1. 4dB 
over the selection at the 99.99% reliability point
The major improvement in signal distribution is achieved 
by dual branch system, additional branches will provide 
further improvement but by a decreasing amount as the 
number of branches is increased.
3.7 One Transmitter Frequency Diversity System
3.7.1 System Description
As discussed earlier, the major factors governing the 
choice of a suitable diversity system for millimetre wave 
frequency portable and mobile radio communication systems 
are efficiency and economy. So looking for such a system 
means designing an effective system capable of overcoming 
multipath fading with low cost.
The frequency diversity technique proposed in this 
research employs a single transmitter at the base station 
and one antenna with a suitable selection or combination 
of the diversity branch signals at the mobile receiver.
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This scheme requires less system complexity than space 
diversity in which one transmitter at the base station and 
two antennas with selection or combination of the 
diversity branch signals at the mobile receiver are 
requi red.
3.7.1.1 Transmitter
At the transmitter, figure3.8, the modulating signal is
initially modulated onto a sub-carrier frequency (wg). The
resulting signal from the modulation process is then
modulated onto an RF carrier (<o ) in order to locate thev c J
modulating signal spectrum at two different frequencies. 
Frequency Modulation (FM), the most widely used modulation 
technique for mobile radio, is used here to demonstrate 
the diversity principle.
For a purpose of illustration, the modulating signal m(t), 
has been considered to be a pure sinewave with frequency 
and zero phase. As a consequence:
m(t)=AcosG> t 3.12v J m
where A is the amplitude of the modulating signal.
If m(t) is frequency modulated onto a sub-carrier of 
frequency w g with zero phase, the FM modulated signal is 
expressed as:
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cft)=A cosfw t+B sinw t] v y  s L s s m J 3. 13
where A is the sub-carrier amplitude and 6 thes s
modulation index which is determined by the modulator
sensitivity, K^., in radians per volts per second, and the
modulating signal amplitude A, and is given by:
K f A
P =--   3. 14
S Gdm
Equation 3.13 can be written as
c( t)=Real{AsExp( jo)st)Exp( j/3gsino)m t)} 3. 15
Using the identity
Exp[ j/3ssin(o>m t)]= J JK (0g )Exp[ jKo^t ] 3.16
K=-«
where )K«Jj((Ps) and dK ^ s ^  is the order
Bessel function in the argument P .
Substituting into equation3.15 and taking the real part 
c(t) can be expressed as:
c (t)=As I JK (Ps)cos[(<os+Kum )t] 3.17
K=-co
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This equation appears as an infinite sum of sinewaves, 
with amplitudes of JV (P ) and having frequency components
K. S
above and below the sub-carrier frequency. In fact, it has 
a finite sum since higher order Bessel terms produce 
insignificant amplitude values. In particular Jt,t(/3 )<<1
K  S
for p <<K. s
These sinewaves transform into delta functions in the 
frequency domain. Therefore:
A v
C (f ) = ~ 2^  2 JK ^ s ) { 6 (f- fs-Kfn.)+6 {f+fs+fn,)> 3 1 8
K=-°>
The spectrum of an FM wave contains a carrier component
and a finite set of sideband frequencies located
symmetrically on either side of the subcarrier at
frequency separations of f , 2f , 3f ...... The amplitudem m m
of the subcarrier component varies according to JQ (PS)• 
The spectra of an FM signal with /3g = l , and Pg-2 are shown 
in figure3.9.
If this signal (equation3.17) is then FM modulated onto an
RF carrier (gj ), the instantanous frequency of the RF c
carrier wave is given by[18]:
cj.(t)=G) +Acjcos{cj t+P sin(w t)} 3.19x c s s in
where Aw is the maximum frequency deviation of the RF
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e a r n e r .
The modulated RF carrier wave can be represented as:
e(t)=A cos0(t) 3.20c




0(t)= J  [oj^+Acjcos{G)t?t+/3^sin(cJiwt) }]dt 3.21
=o) t+Ao) cos{cj t+P sin(w t)}dt 3.22c j s s hi
= Cl) t + AwI 3.23c
where
t
1= cos{g) t+P sin(o) t)}dt 3.24J 1 s s v m 7J
Using the identity
cos(a+P)=cosacosP~sinasinP 3.25
equation3.24 can be written as:
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L1= J cos(«st)cos(/3ssin(i)m t)dt-
o
t
J  sin(a>st)sin(/3ssin&)m t)dt 3.26
Using integration by parts
Judv=uv-Jvdu 3.27
equation3.26 becomes
1=   sin{w t+P sin(w t)}-w s s ms
Aw *
s o
where Aw =w P s m s
s f  cos(u t)cos{u t+P sinw t}dt 3.28w J v m ' 1 s *s m J
In practice w >>w , and the term cosfw t), which is a r s m v m J
slowly varying function compared to cos(wgt), may be
treated as a constant in front of cosfw t+P sinw t) duringv s s m '
the integration period. Therefore:
1 Aw
1= sin{w t+P sinfw t)}--- -— cos(w t).I 3.29w 1 s s v m 7J w v m 's s
or
Aw s 1I{1+ cosw t}=----- sinfw t+P sinw t) 3.301 w m J w '•s s m 's s
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Aw Aws ssince  <<1, the term  cosw t can be neglected.w w ms s
Consequently:
1= sin{w t+B sinw t} 3.31w 1 s 's m 1s
By substituting this result in equation3.23:
0( t) =w t+— ^-sinfu t+P sinw t} 3.32v / c w '■s s
and the modulated RF carrier wave, equation3.20, can be 
expressed as:
e(t)=A cos{w t+/3sin(w t+P sinw t)} 3.33c c s s in
where /3= ws
e(t) can be written as:
e(t)=A Real{Exp(jw t)Exp(jpsin(w t+p sinw t))} 3.34c c s s m
Using the identity given in equat ion3. 17, e(t) can be 
expressed as:
00
e(t)=AcReal{Exp(jwct) J Jp (0)Exp(jpwgt)
p=—°>
00





e (t)=Ac I I Jp(P)Jq (PPs)cos(wc+Pws+qwm )t 3.36
p = — coq= — oo
The discrete spectrum of e(t) is obtained by taking the 
fourier transforms of both sides of equation3.36; thus
00 00
A
E<f>=-2^1 I Jp(P)Jq(PPs){«(f-fc-pfs-tlfm) +
p = — «oq=— co
6(f+f +pf +qf )} 3.37v c s ^ m''
The spectrum of this signal contains a carrier component
and an infinite set of sideband frequencies located
symmetrically on either side of the RF carrier. The
carrier frequency component at co corresponds to p=q=0 andc
A
has amplitude given by — = J (0)^ o
The discrete amplitude spectrum of equation3.37 is
illustrated in figure3.10 for 0g = l, and 0=2, 1, 0.5, and
figure3.ll for 0g=2, and 0=3, 2, 1 together with the
spectra of the FM subcarrier wave with 0S=1 and 2.
The power spectrum of the FM subcarrier/FM RF carrier wave
can be seen to have the same spectrum of the FM subcarrier
wave located at two different frequencies around the RF
carrier. One is centred at f +f , while the other isc s
centred at f -f . Hence two copies of the FM subcarrier c s
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wave separated by twice the subcarrier frequency have been
generated. Also the spectrum contains other copies located
at f ± nf where n =2, 3...N, but their amplitudes havec s
been modified by a factor of J (/3)J (p/3 ). The spectrum of
P *1 s
these copies is the same as that of the FM subcarrier wave
but with a modulation index of p/3 .s
In conclusion, two copies of the FM subcarrier modulated 
wave can be generated at the base station with frequency 
separation equal to twice the subcarrier frequency and 
transmitted via one antenna.
3.7.1.2 Bandwidth Requirement
The bandwidth of the FM subcarrier modulated wave can be 
def ined a s :
B=2Af +2f 3.38s m
where Afg is the frequency deviation, representing the 
maximum departure of the instantanous frequency of the FM 
wave from the subcarrier frequency, and is given by:
Af =/3 f 3.39s s m
theref ore:
B=2Af (l+— L-) 3.40sv P
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The transmission bandwidth required by the FM subcarrier/ 
FM RF carrier wave, to encompass the two copies of the FM 
subcarrier modulated wave is therefore, given by:
B„=2f +2Af(1+-4-) 3.41T s v p 1 s
3.7.1.3 Receiver
The received signal at the vehicle antenna, figure3.12, is
downconverted to a suitable intermediate frequency (IF),
and then split into two branches. The signal at each
branch passes through a bandpass filter which has a
bandwidth of 2Af (1+—4— ), and centred at IF±f . The FMsv B 9 ss
subcarrier modulated wave at each branch is then 
demodulated independently so that the original transmitted 
signal can be recovered.
The demodulated signals are either combined or compared 
together to reduce the depth of fading that would be 
observed on any branch alone. The performance of different 
combination and selection schemes of an FM diversity 
receiver are discussed in the next section.
The construction and the effectiveness of this frequency 
diversity system in reducing multipath fading in a mobile 
radio environment at millimetre wave frequencies are 
described in later chapters.
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3.7.2 FM Noise With Fading Channels And Diversity
As the mobile receiver moves through the interfering waves 
from the various reflectors, the received signal 
fluctuates both in amplitude and phase. For a receiver 
using a conventional FM discriminator, the amplitude 
fluctuations cause fluctuations in the noise output from 
the discriminator, whereas the phase fluctuations give 
rise to the so called FM random noise.
Jakes[19] has shown that the power spectrum of the random 
FM noise is concentrated at frequencies less than twice 
the maximum Doppler frequency. Outside this range the 
power spectrum falls off at a rate of 1/f.
To illustrate the performance of an FM receiver under 
multipath fading conditions with and without diversity, 
the nonfading case is considered first.
3.7.2.1 Noise Performance In a Nonfading Case
One of the most outstanding characteristics of FM 
communications is that the output baseband signal to noise 
ratio. SNR, can be improved, with fixed transmitter power, 
by increasing the frequency deviation of the modulation 
(Af) and consequently the intermediate frequency 
bandwidth. However, as the intermediate frequency 
bandwidth increases, for constant transmitted power, the
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IF carrier to noise ratio, CNR. decreases and when it 
falls below a threshold, the baseband noise increases 
rapidly.
A plot of the baseband signal to noise ratio, SNR, against 
the carrier to noise ratio, CNR, of an FM receiver for 
several ratios of the IF to baseband bandwidth, B/2W, is 
given in figure3.13[20]. As can be seen, when the received 
power drops below the FM threshold, the baseband signal to 
noise ratio decreases rapidly and the receiver captures on 
the noise and suppresses the signal modulation. However, 
when the carrier to noise ratio CNR, is larger than the FM 
threshold, the receiver captures on the signal modulation 
and suppresses the noise. This phenomenon of the FM 
receiver is called the capture effect. This figure also 
shows that the baseband signal to noise ratio improves by 
lOdB if the ratio of the IF to baseband bandwidth, B/2W, 
increases from 2 to 4 for a carrier to noise ratio of 
20dB.
3.7.2.2 Noise Performance In A Fading Case Without 
Diversi ty
The rapid phase changes accompany the deep fades of the 
received signal in a mobile radio environment, produce a 
random FM component in the output of the FM receiver. 
Furthermore, the baseband output signal is suppressed as 
the carrier to noise ratio, CNR, decreases. This rapid
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random suppression of the signal appears as an additional 
noise component in the baseband output.
The performance of an FM receiver, in the presence of 
various noise components and Rayleigh fading has been 
investigated by Davis[21] for a fading rate which is slow 
compared with the baseband bandwidth. The baseband signal 
to noise ratio SNR, curves against the mean carrier to 
noise ratio CNR, for an FM receiver in presence of 
Rayleigh fading for various ratios of IF to baseband 
bandwidth, B/2W, are shown in figure3.14.
It can be seen that the sharp threshold due to the capture 
effect in the nonfading case is no longer apparent. This 
is a consequence of rapid fading experienced as the mobile 
unit moves through the standing wave pattern. Also the 
baseband signal to noise ratio SNR, increases 
approximately linearly with increasing the carrier to 
noise ratio CNR. However, the random FM noise remains 
unchanged and eventually is the dominant component. The 
limiting baseband signal to noise ratio due to random FM 
noise is dependent upon the maximum Doppler frequency 
(f^), the IF bandwidth(B) and the baseband bandwidth(W) 
and is given by[19]:
=_ , (.B -  2 W jf 
20 f^ j loglO
3.42
3.7.2.3 Noise Performance In A Fading Case With Diversity
The severity of FM random noise and multipath fading in a 
mobile radio signal can be reduced by the utilisation of 
diversity techniques. Davis[21] derived expressions for 
the average signal to noise ratio, SNR, at the 
discriminator output of an FM receiver for various 
diversity schemes, assuming that each diversity branch is 
independent of the others and subject to Rayleigh fading. 
In the derivation, Davis considered selection combining 
and predetection maximal ratio and equal gain combining 
techniques for various numbers of diversity branches and 
ratios of IF to baseband bandwidth B/2W. The derivations 
are only valid for IF responses which approximate a 
Gaussian shape and have a slow fading rate in comparison 
with the baseband bandwidth.
The performance of a dual branch maximal ratio combining 
scheme can be seen from the curves of the average baseband 
signal to noise ratio SNR, plotted against the mean 
carrier to noise ratio CNR, for various ratios of the IF 
to baseband bandwidth B/2W, given in figure3.15.
The effectiveness of a diversity scheme in mitigating 
multipath fading in an FM modulation technique can be 
described as the amount by which the carrier to noise 
ratio CNR, of a single diversity branch would have to be 
increased to achieve the same baseband signal to noise
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ratio SNR, as the diversity system.
Davis observed that the curves of selection and equal gain 
combining are the same as those for maximal ratio 
combining but with an offset factor of 1.5 and 0.6dB for 
dual branch respectively, such that the CNR of selection 
and equal gain combining schemes is higher than that of 
maximal ratio combining for the same SNR. Figure3.13 shows 
that dual branch maximal ratio combining diversity system 
requires a CNR of 16 and 18dB less than that of a single 
diversity branch to achieve a SNR of 30dB for B/2W of 3 
and 4.
A comparison of the performance of 2 and 3 branches 
maximal ratio combining diversity scheme for B/2W =2 and 3 
is illustrated in figure3.16. This figure shows that the 
major improvement in the baseband signal to noise ratio 
SNR, is mainly achieved by dual branch system.
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Figure 3.8 Block dia gram of a single transmitter 
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MEASURING EQUIPMENT AND EXPERIMENTAL PROCEDURE
The systems used for the narrow band characterisation of 
40GHz and 60GHz mobile radio signal propagation are 
described here. The experimental procedure and data 
handling are also outlined.
4.1 60GHz Mobile Radio System
4.1.1 Equipment
The transmitter, figure4.1, employes a lOOmW, Plessey, 
Impatt oscillator to produce a 60.4GHz carrier which is 
fed to the antenna via an isolator with 23dB of isolation 
and 0.6dB of insertion loss. The Impatt oscillator is 
biased from a constant current power supply with a 
facility of reducing the applied voltage to zero before 
the oscillator is switched on or connected.
The receiver. figure4.2. utilises an Alpha, mechanically 
tuneable, gunn diode local oscillator to downconvert the 
RF to an intermediate frequency (IF) of about 60MHz. The 
local oscillator is connected to a mixer, with a 2dB noise
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figure, through an isolator which provides 25dB of 
isolation and has 0.2dB insertion loss. The IF is then fed 
to a low noise pre-amplifier with a 2.5dB noise figure. 
The RF to IF^gain of the mixer and pre-amplifier has been 
measured as 22dB. The receiver was powered from a 12 volt 
battery inverter.
The 60GHz transceiver is equipped with two identical 
vertically polarised antennas, omnidirectional in the 
azimuth plane. The antennas have been designed and 
manufactured in the department and consist of two plates 
supported by a Perspex (Polymethylmethacrylate) sheet 
around their circumference. The bottom plate, which is 
connected to circular waveguide, has the shape of a horn, 
while the top one is a parabola.
The aerials have a power reflection coefficient of 0.2% 
and a voltage standing wave ratio (VSWR) of 1.09 at 
60.4GHz.
4.1.2 Polar Diagram
The polar characteristics of the transmitting and 
receiving antennas both in the horizontal and vertical 
plane are of great importance in determining the 
statistics of a mobile radio signal.
The radiation pattern, of the antennas, in the azimuth
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plane was measured inside an anechoic chamber. The antenna 
under test was used as a receiving antenna mounted on a 
computer controlled rotary table at one end of the 
anechoic chamber. A CW signal was radiated from a 
transmitter at the far end of the chamber. The 
transmitting antenna was a standard horn with 19dB of gain 
and a beamwidth, at the 3dB points, of 18°.
The received field strength at the test antenna was 
measured by a power meter, the recorder output of which 
was connected to a plotter. Figure4.3 shows the radiation 
pattern obtained by allowing the table to rotate 360° in 
the horizontal plane by small increments. It can be seen 
from figure4.3 that the received field strength at 
different points along the circumference of the antenna 
varies only by 1.2dB, which means that the antenna can be 
considered as a good omnidirectional antenna in the 
horizontal plane. The two antennas showed almost identical 
results.
The same procedure was utilised to measure the elevation 
beamwidth, but with the antenna under test laying down on 
its side and with the polarisation of the transmitting 
horn antenna reversed.
The measured elevation beamwidth, obtained by rotating the 
table 180° in the horizontal plane, is shown in figure4.4. 
Both antennas show almost identical results with a
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beamwidth at the 3dB points of 8°.
4.1.3 Gain Measurement
The gain of the omnidirectional antennas was measured in 
the anechoic chamber using the system arrangement depicted 
in figure4.5. Firstly, both the transmitter and the
receiver were equipped with two identical standard horn 
antennas with 19dB of gain. The received field strength at 
the IF was displayed and stored in a 115MHz spectrum 
analyser. The IF signal level was controlled by an 
attenuator inserted between the transmitting antenna and 
the oscillator.
The horn antenna at the receiver is then replaced by an
omnidirectional antenna, with unknown gain, and the output
transmitted power adjusted to achieve the same received 
power level as that obtained with two horn antennas. As a 
consequence:
P . .(horn antennas)=P . , (horn+omnidirectional)received' * received1 *
4. 1
The received power P , is given by:
P =P +G +G -losses dB 4.2r t t r
where P^ is the transmitted power, G^ the transmitting
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antenna gain and the receiving antenna gain.
Substituting this into equation 4.1 gives:
G =P_ ,-P . +G , dB 4.3ro thh tho rh
where G is the gain of the omnidirectional antenna under ro
test, P ^ h  t i^e *ransm* *te<* power level in the case of two 
horns, P^ho transmitted power in case of a horn and 
omnidirectional antennas and the gain of the horn
antenna. The antennas have been measured to have a gain of 
8. 5dB.
4.2 40GHz Mobile Radio System
4.2.1 Equipment
The transmitter, figure4.6, utilises a lOOmW, Millitech, 
mechanically tuneable, varactor gunn diode oscillator fed 
to the antenna via an isolator with 25dB of isolation and
0.5dB of insertion loss. The mechanical tuning was fixed 
to produce a 38.25GHz carrier with the varactor input 
short circuited.
The receiver, figure4.7, had a mechanically tuneable, gunn 
diode, local oscillator connected to a mixer, with lOdB of 
conversion loss and 4dB noise figure, through an isolator. 
The isolator has 25dB of isolation and 0.3dB of insertion
95
loss. The IF at 60MHz is then fed to a 500MHz 
pre-amplifier with 28dB of gain and a noise figure of 
1.65dB. The receiver was powered from a 12 volt battery 
inverter. ^
Vertically polarised, omnidirectional antennas in the 
azimuth plane, have been used at the transmitter and the 
receiver. The antennas have been designed and manufactured 
in the department and consist of two biconical horns 
supported by PTFE (Polytetrafluoroethylene) sheet around 
their circumference.
The antennas have a voltage reflection coefficient of 5% 
and a VSWR of 1.11 at 38.25GHz.
4.2.2 Polar Diagram
The radiation pattern in the azimuth plane was measured in 
the anechoic chamber by modulating a 38.25GHz signal 
generator with a lKHz signal and transmitting the 
modulated signal via a horn with 19dB of gain. The antenna 
under test was mounted on a computer controlled rotary 
table. The received modulating signal was then detected, 
amplified and synchronously mixed with its replica at the 
transmitter side. The dc output is then fed to a BBC 
computer for sampling and processing.
Figure4.8 shows the radiation pattern obtained when the
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table is rotated by 360° in the horizontal plane. It can 
be seen that the antenna has a poor omnidirectional 
pattern. The received field strength varies between 1.9dB 
and 6dB along its circumference. The other antenna has a 
much better polar diagram with the field strength 
variation along its circumference less than 2dB.
The elevation beamwidth has been measured by reversing the 
polarisation of the transmitting horn antenna and laying 
the omnidirectional antenna down on its side.
Figure4.9 shows the beamwidth measured by rotating the 
table by 180° in the horizontal plane by small increments. 
The 3dB points beamwidth was measured as 24° for both 
antennas.
The aerials have been found to have a gain of 3dB.
4.3 Receiver Processing and Data Acquisition
The receiver processing uses a 60MHz logarithmic amplifier 
for measuring the received field stength. The logarithmic 
amplifier, with a 3dB bandwidth of 16MHz, has a 90dB 
dynamic range and a dc output of 2.02 volt corresponds to 
a OdBm input signal.
The dc output of the logarithmic amplifier was sampled by 
8 bit analogue to digital converter (A/D) and the samples
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stored in a portable, battery powered, data acquisition 
and storage unit[l].
4.4 Systems Noise Measurement
The theoretical ground noise level of a receiver is given 
by:
N=(2KT B)jtj+G+N.F dB 4.4v k 'dB m
-23where K is Boltzmann’s constant (1.38X10 watt-second/ 
degree), the absolute temperature (degree Kelvin), B
the receiver bandwidth (16MHz as measured for the 
logarithmic amplifier), G the RF to IF gain and N . Fm the 
mixer and pre-amplifier noise figure.
Substituting these values in equation4.4 gives a ground 
noise level of -72.42dBm for the 60.4GHz receiver and 
-75dBm for the 38.25GHz receiver. The ground noise level 
of the receiver as measured at the output of the 
logarithmic amplifier has been found to be -74dBm for the 
60.4GHz and -75dBm for the 38.25GHz receivers.
4.5 Systems Instability
One of the disadvantages of millimetre wave sources is 
their frequency instability caused by any variation of the 
operating temperature. The instability of the intermediate
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frequency of the 60.4 and 38.25GHz radio links is a result 
of any drift of the source and the local oscillator output 
frequencies at the receiver. The frequency instability of 
both systems has been improved by locating the transmitter 
and the receiver inside an enclosure and attaching an 
appropiate heat sink to the oscillators.
The frequency instability of the IF does not cause any 
problem in the narrow band characterisation of the mobile 
radio signal at 38.25 and 60.4GHz because the bandwidth of 
the logarithmic amplifier is wide enough to accomodate 
this frequency drift.
4.6 Experimental Procedure
Propagation measurements were conducted both within 
buildings and outdoors at 38.25 and 60.4GHz in and around 
Bath University. Most of the measurements were made during 
weekends and night when there were no people in the 
corridors and rooms who could interfere with the 
measurements.
In all these measurements the transmitter, powered from 
the mains, was fixed on a tripod and left stationary. The 
receiver, powered from a 12 volt battery inverter, was 
mounted on a trolley and moved at an almost constant 
speed. The received signal strength, measured by a 
logarithmic amplifier, was sampled at a rate sufficient to
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reveal the fast fading statistics of the signal envelope.
Distance markers were taken by pressing a switch, 
connected to the second channel of the data acquisition 
and storage unit, as the receiving antenna passed taped 
markers on the floor.
The data is then loaded to a BBC computer and the position 
of the markers extracted. The mobile receiver speed during 
the measurements is computed from:
where d is the distance between two markers, t i^e
number of samples between two markers and f the sampling 
rate.
Having obtained the digital form of the received field 
strength envelope, and other information, the data is 
transfered, through a serial link to an Archimedes 440 
computer and stored on 3.1/2 inch 800K byte disks.
REFERENCES.
1. Hathaway,M. "Data Acquisition And Storage System For 
The Study Of Fast Fading Phenomenon" Project Report, 









Figure 4.2 60GHz receiver block diagram
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Figure 4.7 40GHz receiver block diagram
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NARROW BAND CHARACTERISATION OF A 60GHz MOBILE RADIO 
CHANNEL: RESULTS OF PROPAGATION MEASUREMENTS
Measurements have been conducted for line of sight and 
obstructed line of sight conditions in a variety of indoor 
environments. The measured fading envelopes as well as 
their cumulative distributions are given. The level 
crossing rate and the average duration of fades have also 
been investigated. The propagation mechanism has been 
described from the power spectra of the received signal 
envelopes.
Further measurements have been carried out in order to 
examine the influence of different partition materials on 
the fading characteristics of the received signal.
5.1 Fading Characteristics In a Long Narrow Corridor.
5.1.1 Measurements Layout
A set of measurements has been made in a long narrow 
corridor. The corridor is 27.5 metres long. 1.6 metres 
wide and 2.7 metres high (figure5.1), with a number of
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door ways leading off. One long wall was primarily 
plasterboard while the other was plasterboard with a 10 
metres metal section near to one end. The entrance of the 
corridor is ^a wooden door while the exit is a double 
glazed cross wired door with a wooden frame.
The transmitter was fixed on a tripod and left stationary 
at the end of the corridor, which has all plasterboard 
partitions, with its antenna 1.75 metres above the floor. 
The receiver was mounted on a trolley with its antenna at 
the same height as the transmitting one.
A distance of 22.5 metres along the centre line of the 
corridor, with the receiver moving away from the 
transmitter, was covered. Distance markers were recorded 
every 2.5 metres travelled by the receiver, and a sampling 
rate of 5000 samples/sec was employed.
After transfering the data to a BBC computer, the position 
of the markers was extracted and the mobile receiver speed 
computed, as explained in chapter4. The average receiver 
speed during these measurements was 0.63metre/sec This 
ensures about 8000samples/metre (40samples/A) which is 




The fading envelopes obtained as the receiver moved along 
the centre ljne of the corridor away from the transmitter 
are shown in figure5.2a (2-12metres), and figure5.2b 
(12-24.5metres) with the cumulative distributions of these 
envelopes, plotted on Rayleigh paper about the median, 
given in figure5.3a and figure5.3b.
The low frequency large amplitude variation of the fading 
patterns is caused by interference between the line of 
sight component and reflections off the sidewalls of the 
corridor. The frequency of its variation decreases as the 
receiver moves away from the transmitter because of the 
reduction in the rate of change of the differential path 
length between the direct component and reflected paths as 
the distance increases.
On closer inspection, figure5.4 (4.5-7metres), figure5.5 
(12-14.5metres) and figure5.6 (19.5-22metres), the fading 
envelopes can be seen to have two distinct frequency 
components. The low frequency large amplitude variation 
(long-term-fading), superimposed on which is a low level 
fast fading component (short-term-fading).
The significance of the role played by reflections in 
forming the amplitude variations of the fading envelopes 
is dependent upon the properties of the reflecting
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surfaces. The formation of the fading envelopes is also 
affected by signal scattering and diffusion from the 
surface irregularities along the walls such as door ways 
and noticebo^rds hung on the walls.
The cumulative distribution measured when the terminals 
are close to each other, figure5.3a, is noticeably worse 
than Rayleigh distribution while the distribution obtained 
at greater distances, figure5.3b, is much closer to 
Rayleigh. This is because the relative amplitudes of the 
various reflected components and the direct component vary 
significantly over the corridor.
In an ideal case, where the walls of the corridor are 
smooth all with the same dielectric constant as described 
in Appendixl, the relative amplitudes of a single sidewall 
reflection and a double reflection off the opposite 
sidewalls as the receiver moves 2-24.5metres away from the 
transmitter are shown in figure5.7 and figure5.8. With the 
terminals 7metres apart the relative amplitudes of such 
reflections are -2.5dB and -9dB. At greater distances 
(22metres) the relative amplitudes increase to -0.77dB and 
-3dB respectively.
The propagation exponent computed from the least squares 
straight line approximation of the median received signal 
power, measured over ±0.5metre, with distance between the 
transmitter and receiver, figure5.9, has been found to be
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2.3. The measured exponent is larger than that reported by 
Huish et.al.[l], where an exponent of 1.8 along a corridor 
with plasterboard partitions was measured. The smaller 
exponent is ^ue to the wider elevation beamwidth of the 
transmitting and receiving antennas (24°) which allows 
reflections off the floor and ceiling to contribute 
significantly to the received signal.
5.1.3 Fading Statistics
A fast fourier transform routine (FFT) has been applied to 
the measured fading envelope in order to compute the power 
spectrum. This has been done for the envelopes obtained 
between distance markers and normalised to a receiver 
speed of 0.5metre/sec.
The spectra measured when the receiver moved away from the 
transmitter, figure5.10 (4.5-7metres) and figure5.ll 
(19.5-22metres) consist of two distinct frequency parts; a 
low frequency part which corresponds to the low frequency 
large amplitude variations, and a high frequency part 
corresponding to the low level fast amplitude variations. 
The two frequency parts are distinct beacuse the angles of 
arrival of the received signal components are not 
distributed over the whole beamwidth. 0-2IT.
The low level fast fading component is caused by 
reflections ahead of the receiver, particularly from the
111
end wall of the corridor, with a maximum frequency
component of 196Hz (2V/X=200Hz). The differential path
length of such reflections and the direct component 
undergoes a ,fast rate of change over a small movement of 
the receiver. As can be seen from the spectra the high 
frequency part smears over a bandwidth of 31Hz. This is 
due to reflections coming from the end of the corridor, 
ahead of the receiver, after being reflected from the 
sidewalls. Such reflections, with angles of arrival with 
respect to the direct component of less than 180°, cause 
frequency components lower than 2V/X. The level of
reflected components from the endwall of the corridor with 
respect to the direct component increases significantly as 
the endwall is approached. Considering the ideal case, the 
relative amplitude of a single reflection from the
endwall, ahead of the receiver as the receiver travels 
2-24.5metres away from the transmitter is given in
f igure5.12.
The low frequency part of the power spectrum, measured 
when the receiver moved 4.5-7metres away from the
transmitter, is shown in figure5.13 with the levels of the 
12 different reflections considered in the ray like model 
with respect to the direct component when the terminals 
are 4.5metres apart given in figure5.14. It is evident 
that the primary components are single reflections off the 
sidewall with relative amplitudes of -3.9dB. Double 
reflections off the opposite sidewalls are much weaker
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with relative amplitudes of -13dB.
The measured spectrum can be seen to have a distinctive 
broad low frequency part caused by interference between 
the direct component and single reflections off the 
sidewalls. The broadness of the spectrum is determined by 
the rate of change in the differential path length, of 
such reflections and the direct component, as the receiver 
moves away from the transmitter. The spectrum also 
contains components of higher frequencies, and of 
considerably less energy, due to double reflections off 
the opposite sidewalls and signal diffusion from 
irregularities along these walls.
The power spectrum predicted over this section, 
figure5.15, exhibits a similar low frequency broad 
component but with a peak power, relative to the mean 
level, of 3.88dB less than the measured level. However, 
higher frequency components, caused by double reflections 
off the opposite sidewalls, are predicted at be higher 
than those measured.
The cumulative distribution function obtained over this 
section, figure5.16, is noticeably worse than the Rayleigh 
distribution beacuse of the small number of significant 
components (direct and single sidewall reflections) of the 
received signal.
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The higher order statistics such as the level crossing 
rate, defined as the rate at which the envelope crosses a 
specified signal level in the positive direction, and the 
average duration of fades below a given level, normalised 
to a receiver speed of 0.5metre/sec, have been measured 
and compared with values computed from expressions of 
Rayleigh fading model. Figure 5.17 shows that the signal 
envelope crosses levels up to 30dB below the mean level at 
a rate slower than that of Rayleigh model, and the average 
duration of fades is longer.
When the receiver travelled further away from the 
transmitter, figure5.18 (12-14.5metres), the rate of 
change in the differential path length of single 
reflections and the direct component decreases, resulting 
in a lower frequency of the large amplitude variation.
At this range the level of reflected components, with 
respect to the direct component, increase significantly. 
Figure 5.19 shows the relative amplitudes computed with 
the terminals 12metres apart where a single sidewall 
reflection and a double reflection off the sidewalls have 
relative amplitudes of 2.5dB and 7.5dB higher than that 
computed with the terminals 4.5metres apart. Double 
reflections off the opposite sidewalls, because of the 
faster rate of change in the differential path length 
between reflected and direct component than that of single 
sidewall reflections, add a higher frequency components to
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the large amplitude variation as is evident on the 
spectrum.
In an ideal ^ase the spectrum, figure5.20, with its peak 
power relative to the mean level of 0.93dB less than the 
measured one, exhibits two distinctive peaks caused by 
single and double reflections off the sidewalls. The 
measured spectrum, because of multiple reflections off the 
opposite sidewalls, contains extra high frequency 
components.
The increased number of significant components (direct, 
single and double reflections) of the received signal on 
the cumulative distribution, figure5.21, produces a near 
Rayleigh distribution. The rate at which fades occur 
increases and the average duration of the fades become 
shorter, figure 5.22, as the receiver moved away from the 
transmitter. However, it has been observed that deep fades 
occured less frequently.
When the receiver approached the end of the corridor, 
figure5.23 (19.5-22metres), the low frequency part of the 
power spectrum smears over a narrower bandwidth compared 
to that of figure5.18, with a very low frequency peak that 
is higher. This is because of the presence of the metal 
wall giving more significant reflections off the 
sidewalls.
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With the terminals 19.5metres apart the various reflected 
components considered in the ray like model, figure 5.24, 
increase in amplitude, particularly those of double 
reflections ,off the opposite sidewalls and reflections 
ahead of the receiver. The predicted power spectrum, 
figure5.25, is somewhat different to the measured one with 
a peak power relative to the mean level of 3.05dB less. 
This is because the walls of the corridor have different 
dielectic constants and are not smooth.
The cumulative distribution, figure5.26, is close to 
Rayleigh because the number of components of the received 
signal (direct, single, double and multiple reflections 
off the sidewalls) is sufficient to produce a near 
Rayleigh distributed fading envelope.
The difference between the fading characteristics measured 
when the receiver approached the end of the corridor and 
that obtained when the receiver moved 12-14.5metres is the 
slower rate at which fades occured as shown in figure5.27. 
This is because the frequency of the primary components 
decreased as the receiver moved further away from the 
transmitter. On the other hand, the average duration of 
fades up to 20dB below the mean level is also shorter. 
This is due to stronger reflections ahead of the receiver 
particularly from the endwall of the corridor which have a 
maximum frequency of 2V/X and contribute significantly to 
the signal envelope as the reflector is approached.
116
5.2 The Effect Of Different Partition Materials On The
Fading Statistics
The influence of different partition materials on the 
fading statistics has been investigated. This has been 
achieved by locating the transmitter at the end of 
corridor near to the metal wall. The receiver was moved a 
distance of 22.5metres along the centre line of the 
corridor away from the transmitter.
The presence of the metal wall near to the transmitter has 
a small effect on the reduction of median received signal 
power with distance, figure5.28, where a propagation 
exponent of 2.6 has been measured. This exponent is larger 
than that obtained with the transmitter located at the end 
with all plasterboard partitions (n =2.3). This is due to 
higher signal power maintained at the end of the corridor 
(far from the transmitter) when the transmitter was 
located at the end which has all plasterboard partitions 
as a result of better sidewall reflections.
The effect of different sidewall materials on the fading 
envelopes and power spectrum, measured when the receiver 
moved 7-9.5metres away from the transmitter, can be seen 
from figure5.29 and figure5.30. The most distinctive 
difference is the additional low frequency components 
appearing in the low frequency part of the spectrum
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obtained with the transmitter located near the metal wall. 
This is due to the presence of the metal wall giving more 
significant multiple reflections off the opposite
sidewalls. TJiis has a small effect on the cumulative 
distribution as shown in figure5.31, where a near Rayleigh 
distribution has been measured. However, there are
differences in the level crossing rate and the average 
duration of fades, figure5.32. The rate at which fades 
occured, with the transmitter located at the end near the 
metal wall, is slower and the average duration of fades is 
longer.
At greater distances, figure5.33 and figure5.34
(17-19.5metres), the amount of fast fading measured, with
the transmitter located at the end near to the metal wall, 
is less. This is due to weaker reflections coming from the 
end of the corridor, ahead of the receiver, after being
reflected from the all plasterboard sidewalls. This has an 
insignificant effect on the cumulative distribution, 
figure5.35, and a noticeable effect on the level crossing 
rate, figure5.36, and the average duration of fades. The 
level crossing rate, with the transmitter located near to 
the metal wall, is slower and the average duration of the 
fades is longer.
The conclusion that can be drawn from these results is
that, although more significant multiple reflections have 
been measured with the transmitter located at the end near
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to the metal wall which has the effect of increasing the 
frequency of the large amplitude variation and hence the 
occurence of fades, the level crossing rate is slower and 
the average juration of fades is longer. This is because 
weaker reflections ahead of the receiver after being 
reflected from the all plasterboard partitions play a less 
significant role in filling the nulls of the signal
envelope caused by sidewall reflections.
5.3 Fading Characteristics Along Half Of The Corridor
Measurements have been carried out in order to examine the 
fading statistics with the transmitter located in the 
middle of the corridor. The receiver moved over 10 metres 
along the centre line of the half which has all
plasterboard partitions.
5.3.1 Fading Envelope
The fading envelope obtained as the receiver travelled 
away from the transmitter is given in figure5.37
(2-12metres) with the cumulative distribution of this 
envelope given in figure5.38.
The variation of the median received signal power with
-2 5distance figure5.39, follows the law, d which is
-2faster than the free space power distance law of d
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5.3.2 Fading Statistics
The fading envelope and the power spectrum measured when 
the receiver travelled 4.5-7metres away from the 
transmitter are given in figure5.40 where the two distinct 
types of fading are evident.
On closer inspection, figure5.41, the spectrum exhibits a
broad low frequency part that is dissimilar to that
obtained over the same separation between the terminals 
with the transmitter located at the end which has all
plasterboard partitions, figure5.10. This is due to more 
discontinuities along the sidewalls near to the 
transmitter when it was fixed in the middle of the
corridor. It is also evident that the peak power relative 
to the mean level is 3.73dB less. This has a significant 
effect on the cumulative distribution, figure5.42, where a 
distribution better than Rayleigh has been obtained. The 
level crossing rate and the average duration of fades, 
figure5.43, indicate that fades occured at a rate 
considerably slower than that computed from expression of 
Rayleigh model and the average duration of fades is much 
longer.
When the receiver travelled 7-9.5metres, figure5.44, the 
bandwidth of the low frequency part of the spectrum 
becomes narrower due to the reduction in the rate of 
change in the differential path length of sidewall
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reflections and the direct component. However, the 
proportion of fast fading increases because reflections 
ahead of the receiver become more significant as the end 
of the corridor is approached.
At this range, because the number of significant 
components increased, the cumulative distribution, 
figure5.45, closely follows the Rayleigh distribution.The 
level crossing rate increased and the average duration of 
fades decreased.
Towards the end of the corridor, the cumulative 
distribution has been found to be better than Rayleigh. 
This is because the peak power of sidewall reflections, 
relative to the mean level, was 2.54dB less than that 
obtained when the receiver moved 7-9.5metres. The most 
distinctive difference between the fading statistics 
measured with the terminals 9.5-12metres and 7-9.5metres 
apart is that fades occur at a slower rate for a shorter 
average time.
5.4 The Effect Of The Metal Sidewall With The Transmitter 
Located In The Middle Of The Corridor
Further measurements have been made along the half of the 
corridor which has a metal section and plasterboard 
sidewall in order to investigate the effect of the metal 
sidewall on the fading characteristics.
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The propagation exponent measured when the receiver moved 
2 to 12 metres away from the transmitter, figure5.46, is 
2.1. This is, smaller than that obtained along the other 
half of the corridor (n =2.5) due to better sidewall 
ref lections.
A typical fading envelope which illustrates the effect of 
the metal sidewall on the measured standing wave patterns 
is shown in figure5.47(7-9.5metres) together with, the 
envelope obtained under identical conditions along the 
other half of the corridor. It is seen that the metal wall 
produces more low frequency large amplitude variation (due 
to more significant multiple reflections off the opposite 
sidewalls) as well as larger proportion of fast fading 
because of stronger reflections ahead of the receiver 
after being reflected from the metal wall.
Although the cumulative distibutions are very similar, 
figure5.48, fading, with the receiver moving along the 
half with the metal sidewall, occured at a considerably 
faster rate, figure5.49, for a slightly shorter average 
time.
5.5 Fading Characteristics In a Room
A set of measurements has been conducted in an almost 
square empty room to study the fading statistics. The room
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is 10.8metres long, 9.8metres wide and 2.7metres high. Two 
walls of the room had strawboard surfaces, one strawboard 
with three one metre windows and the fourth wall was 
effectively blackboard. The transmitter was located at one 
corner of the room and left stationary throughout the 
measurements. The receiver moved along two routes:
1. lOmetres along the diagonal facing the transmitter.
2. llmetres along the cross diagonal of the room.
Distance markers were recorded every 2 metres travelled by 
the receiver and a sampling rate of 5000samples/sec was 
employed.
5.5.1 Fading Characteristics Along The Diagonal Facing The 
Transmi t ter
5.5.1.1 Fading Envelope
Figure5.50 shows the fading envelope obtained as the 
receiver travelled 2-12metres, along the diagonal, away 
from the transmitter with the cumulative distribution of 
this envelope given in figure5.51. The low frequency large 
amplitude variation is caused by interference between the 
direct component and single reflections off the walls 
adjacent to the transmitter. The rate of change in the 
differential path length between these components 
decreases slowly as the receiver moves away from the
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transmi t ter.
In the case of smooth walls, all with the same dielectric 
constant, tl^ e relative amplitudes of the four single 
reflections when the receiver moved 2-12metres away from 
the transmitter are shown in figureS.52. It can be seen 
that the relative amplitudes of single reflections from 
the walls adjacent to the transmitter increase but not 
significantly as the receiver travelled away from the 
transmitter. However, the relative amplitudes of single 
reflections from the far walls vary significantly as the 
reflectors are approached. Such reflections, because of 
the fast rate of change in the differential path length 
between reflected and direct component, cause low level 
fast fading components. Higher order reflections are much 
weaker and contribute to the proportion of the high 
frequency fading.
5.5.1.2 Fading Statistics
The fading envelope and the power spectrum measured when 
the receiver moved 2-4metres are given in figure5.53. The 
spectrum, with its peak power relative to the mean level 
equal to -13.77dB, clearly shows the two distinct types of 
fading.
The relative amplitudes of the 12 different reflections, 
computed from the ray like model, when the terminals are
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2metres apart are shown in figure5.54. It can be seen that 
single reflections off the walls adjacent to the 
transmitter are the strongest, with relative amplitudes of 
-15.8dB and /-14.4dB. The relative amplitude of single 
reflections from the far walls is about -29.5dB. The 
spectrum predicted over this section, figure5.55, has a 
peak power relative to the mean level of 2.76dB less than 
the actual measured value. This is dependent upon the 
reflectivity of the surfaces the rays reflected from. The 
measured spectrum, beacuse of signal scattering, contains 
more high frequency components.
The cumulative distribution, figure5.56, is significantly 
better than Rayleigh because the level of single 
reflections, with respect to the line of sight component, 
is low.
When the receiver moved further away from the transmitter, 
figure5.57 (6-8metres), the bandwidth over which the low 
frequency components smear becomes narrower. This is due 
to the reduction of the rate of change in the differential 
path length of single reflections, off the walls adjacent 
to the transmitter, and the direct component. It is also 
evident that the peak power relative to the mean level is 
3.05dB higher than that measured with the terminals 
2-4metres apart. The power concentrated in the high 
frequency fading, because reflections off the far walls 
become more significant, form a larger proportion of the
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total power of the signal envelope than that obtained at 
closer distances. The relative amplitudes of the reflected 
components, with the terminals 6metre apart, figure5.58, 
indicate that the level of single reflections off the far 
walls with respect to the direct component is about 11.7dB^ 
higher than that when the terminals 2metres apart. Under 
such conditions the predicted spectrum has a peak power 
relative to the mean level of 1. 4dB higher than the 
measured value.
Because of the small number of significant components 
(direct and single reflections off the walls adjacent to 
the transmitter) of the received signal, the cumulative 
distribution, figure5.59, is noticeably worse than 
Rayleigh with fades occuring at a slower rate for a longer 
average time.
Toward the end of the diagonal, figure5.60(10-12metres), 
reflections off the far walls become more significant with 
their angles of arrival distributed pv^er a wider 
beamwidth. This results in frequency components smeared 
over the whole bandwidth(2V/X). It is also evident that 
the peak power of single reflections off the walls 
adjacent to the transmitter is 6.08dB less than that 
obtained with the terminals 6-8metres apart.
This behaviour, because of more scattered nature of 
reflections from the walls, is not in agreement with the
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predictions where the relative amplitudes, figure5.61, 
computed with the terminals lOmetres apart are further 
increased. The predicted spectrum has shown a peak power 
relative to ^he mean of 1.71dB higher than that computed 
with the terminals 6-8metres apart.
The measured cumulative distribution, figure5.62, is 
better than the Rayleigh distribution. Fades occured at a 
rate much slower than that measured, when the receiver 
moved 6-8metres, as well as having shorter average 
duration.
This confirms the fact that the average duration of fading 
becomes shorter in the presence of more significant 
reflections off surfaces opposite to the transmitter.
5.5.2 Fading Characteristics Along The Cross Diagonal Of 
The Room
5.5.2.1 Fading Envelope
The fading envelope obtained when the receiver travelled 
11 metres along the cross diagonal is shown in figure5.63, 
with the cumulative distribution of this envelope given in 
figure5.64. Although the cumulative distribution is 
similar to that measured along the diagonal facing the 
transmitter, figure5.51. the standing wave pattern is 
significantly different, figure5.50. This is because of a
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considerably faster rate of change in the differential 
path length, of single reflections off the walls adjacent 
to the transmitter and the direct component, as the 
receiver mov^d along the cross diagonal.
Along this route the levels of the various reflected 
components and the direct component vary significantly. In 
an ideal case, the relative amplitudes of single 
reflections when the receiver moved lOmetres started from 
one corner of the cross diagonal are shown in figure5.65. 
The primary reflectors are the walls adjacent to the 
transmitter. The relative amplitudes of reflected signals 
from these walls vary in an opposite direction as the 
receiver moves along the cross diagonal. The relative 
amplitudes of reflected signals from the far walls are 
much weaker. Such reflections, because of the fast rate of 
change in the differential path length between reflected 
and direct component, cause low level high frequency 
fading.
5.5.2.2 Fading Statistics
For the purpose of illustration, three different locations 
of the receiver along the cross diagonal, as depicted in 
figure5.66, have been considered and each wall of the room 
is named by a different letter.
The fading envelope and the power spectrum measured when
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the receiver travelled over the first location are given 
in figure5.67. The spectrum consists of a low frequency 
part, with more than one peak, caused by reflections off 
the walls A p.nd B with reflections from wall A being more 
significant. This is clearly demonstrated from the ray 
like model where the relative amplitudes of the various
reflections, with the receiver at the start of the first 
location, are shown in figure5.68. The relative amplitude 
of a single reflection from wall A is -4.63dB while that 
from wall B is -10.5dB. This results in a power spectrum,
figure5.69, with a peak power, relative to the mean level,
of 1.72dB higher than the measured level. The low
frequency part of the spectrum consists primarily of a 
high peak, caused by single reflections off wall A, and a 
peak of smaller amplitude centred at a lower frequency and 
caused by single reflections off wall B. Other peaks of 
smaller amplitudes are due to the interaction between the 
two reflections.
The measured spectrum exhibits distictive low level high 
frequency components caused by reflections and scattering 
from the walls C and D with the stronger reflections 
coming from wall D. Figure5.68 indicates that the relative 
amplitude of a single reflection from wall D is 5dB higher 
than that from wall C.
Although the fading envelope has a near Rayleigh 
distribution. figure5.70, the level crossing rate of the
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envelope, figure5.71, is much slower than that computed 
from the Rayleigh model and the average duration of fades 
is longer.
Along the second location, figure5.72, the power spectrum 
of the fading envelope is somewhat different. The peak 
power, relative to the mean level, is 3.88dB less than 
that measured over the first location and two distinctive 
high frequency regions are now apparent. This is because 
the relative amplitude of single reflections from the wall 
A is reduced but that from wall B increased and both 
reflections off the walls C and D are much the same. This 
is evident on the relative amplitudes, computed from the 
ray like model, given in figure5.73.
The cumulative distribution, figure5.74 is slightly 
better, but not significantly different, to that measured 
over the first location. Also fades occured at a 
considerably slower crossing rate and have a longer 
average duration.
When the receiver moved along the third location, 
figure5.75, single reflections off the wall B become 
significantly stronger than those from wall A. This is 
clearly seen from the relative amplitudes, computed with 
the receiver at the start of the third location, given in 
figure5.76. As a consequence of this the spectrum exhibits 
a distinctive low frequency peak with its amplitude.
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relative to the mean level, of 4.19dB higher than that 
measured over the second location.
The low lev/el high frequency components are caused by 
reflections from wall C. Reflections off the wall D, 
because of the slower rate of change in the differential 
path length between reflected and direct component, cause 
considerably lower frequency components.
The cumulative distribution, figure5.77, has been found to 
closely follow the Rayleigh distribution and fades occured 
at a faster rate and have a shorter average duration than 
those measured over the second location.
5.6 Obstructed Line Of Sight Measurements
Measurements have been conducted in a bending corridor, 
figure5.78, in order to examine the fading characteristics 
in the shadow region. The receiver moved a short distance 
where the line of sight condition prevailed and 8 metres 
into the bend of the corridor where the direct component 
between the transmitter and the receiver has been 
obstructed. The walls of the corridor are primarily 
plasterboard.
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5.6.1 Fading Envelope And Median Received Signal Power 
Reduction
The fading ^envelope obtained when the line of sight 
component prevailed for a short time, and was then blocked 
as the receiver moved 8 metres into the shadow region is 
shown in figure5.79. As can be seen, the blockage of the 
direct component caused the received signal power to drop 
dramatically. The reduction in the median received signal 
power can be clearly seen in figure5.80. It has been found 
that the median received signal dropped by 35dB as the 
receiver travelled into the shadow region.
These results indicate that reflections off the sidewalls 
are not strong enough to provide high signal levels into 
the shadow region.
The cumulative distribution obtained over 0-2 metres into 
the shadow region, figure5.81(0-2metres), is noticeably 
worse than Rayleigh. This is because of the small number 
of significant components of the received signal (strong 
single reflections). However, the distribution obtained as 
the receiver travelled 2-4metres into the bend, 
figure5.82, closely follows the Rayleigh distribution.
5.7 Conclusions.
The fading characteristics of a 60GHz mobile radio signal
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in a variety of indoor environments under line of sight 
and obstructed line of sight conditions have been 
es tablished.
f
It has been found that the fading envelopes are dependent 
on the geometry of the environment as well as the 
locations of the transmitter and the receiver.
The fading envelopes consist of two distinct frequency 
components, a low frequency large amplitude variation, 
superimposed on which is a low level fast fading 
component.
The primary signal reflectors are the surfaces of the room 
that lie close to the direct path between the transmitter 
and the receiver such as the nearest sidewalls. The power 
measured in the received fading envelopes is concentrated 
primarily at low frequencies. High frequency components, 
due to reflections off surfaces opposite to the 
transmitter, are present at a relatively low level and 
only increase significantly as the receiver approaches the 
ref lectors.
The cumulative distribution of the standing wave pattern 
is approximately Rayleigh, but wide variations from this 
is observed because the relative amplitudes of the various 
reflected components and the direct component vary 
significantly over the confined environment.
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The level crossing rate and the average duration of fades 
show that the signal statistics do not follow that of the 
Rayleigh fading model although some cumulative 
distributions of the fading envelopes closely follow the 
Rayleigh distribution. This is because of the small number 
of components which constituted the received signal.
It has been observed that the rate at which fades occured 
decreases and the average duration of fades become shorter 
in the presence of weaker reflections off the primary 
reflectors and more significant reflections off surfaces 
opposite to the transmitter.
The effect of different partition materials on the fading 
statistics has also been investigated. It has been noticed 
that when the transmitter is located near a partition 
material of high reflectivity, additional low frequency 
variation is added to the standing wave pattern. However 
if that partition material is located away from the 
transmitter, the proportion of fast fading increases.
Obstructed line of sight measurements indicated that the 
blockage of the direct component between the transmitter 
and the receiver will cause the received signal power to 
drop dramatically. That is, reflections off the sidewalls 
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FIGURE 5.1 Corridor Environment
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Figure 5.2a Measured fading envelope as the receiver moved 
away from the transmitter (2-12metres)
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Figure 5.3a Measured cumulative distribution function when 
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Figure 5.2b Measured fading envelope as the receiver moved 
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5.6 Measured fading envelope when the receiver moved












Figure 5.7 The amplitude of a single sidewall reflection 
relative to the direct component as the 
receiver moves 2-24.Smetres
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Fioure 5.8 The amplitude of a double reflection from the 
opposite sidewalls relative to the direct 
component as the receiver moves 2-2 4 .Smetres
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Figure 5.9 Median received signal power against the 
logarithm of distance between the transmitter 
and the receiver
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Figure 5.10 Power Spectrum obtained as the receiver moved 





Figure 5.11 Power Spectrum obtained as the receiver moved
19.5-22 metres away from the transmitter
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Figure 5.12 The amplitude of a single reflection from the 
endwall ahead of the receiver with respect to 








Figure 5.13 Power spectrum obtained as the receiver moved 
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Figure 5.14 The relative amplitudes of the 12 reflected 
components considered in the ray like model with 
the terminals 4.5 metres apart
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Figure 5.15 Power spectrum predicted when the receiver moved 
4.5-7metres away from the transmitter i
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Figure 5.16 Measured CDF when the receiver travelled 4.5-7 
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Figure 5.17 Level crossing rate and average duration of fades 
measured when the receiver moved 4.5-7 metres 
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Figure 5.18 Power spectrum obtained as the receiver moved 
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Figure 5.19 The relative amplitudes of the various reflected 





Figure 5.20 Power spectrum predicted in an ideal case with 












Figure 5.21 Measured CDF when the receiver travelled 12-14.5 
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Figure 5.22 Level crossing rate and average duration of fades 
measured when the receiver moved 12-14.5 metres 






Figure 5.23 power spectrum obtained as the receiver moved 
19.5-22 metres away from the transmitter
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Figure 5.24 The relative amplitudes of the various reflected 
components with the terminals 19.5metres apart
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Figure 5.25 Power spectrum predicted in an ideal case with 
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Figure 5.27 Level crossing rate and average duration of fades 
measured when the receiver moved 19.5-22 m 
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Figure 5.28 Median received signal power against the 
logarithm of distance between the transmitter 
and the receiver. The transmitter was located 
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Figure 5.29 Fading envelopes obtained, with the transmitter 
located at both ends, when the receiver moved 
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Figure 5.30 Power Spectra obtained, with the transmitter 
located at both ends, when the receiver moved 
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Figure 5.31 CDF's obtained, with the transmitter located at Figure 5.32 Level crossing rate and average duration of fades 
both ends of the corridor, when the receiver obtained, with the transmitter located at both










Transmitter at the end with plasterboard walls
Figure 5.33 Fading envelope obtained, with the transmitter 
located at both ends, when the receiver moved 
17-19.5 metres away from the transmitter
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Figure 5.34 Power spectra obtained, with the transmitter 









































dB/s below mean level
-10
10 . 00 





99 . 99 -20 -30 -4010 -10
dB's below median
Transmitter at the end near the metal wall







99 . 99 -20 -30 -40-10
dB's below median
10 










dB's below mean 
Transmitter at the end which has all plasterboard walls
Figure 5.35 CDF's obtained, with the transmitter located at Figure 5.36 Level crossing rate and average duration of fades 
both ends, when the receiver moved 17-19.5metres obtained, with the transmitter located at both





Figure 5.37 Measured fading envelope when the receiver moved 
2-12metres away from the transmitter along the 
half which has all plasterboard partitions
Figure 5.38 CDF obtained when the receiver 
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Figure 5.39 Median received signal power with distance 
between the transmitter and the receiver along 





Figure 5.40 Power spectrum of the fading envelope measured 
when the receiver moved 4.5-7metres with the 




Figure 5.41 Power spectrum of the large amplitude variation 
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Figure 5.42 CDF measured when the receiver moved 4.5-7metres 
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Figure 5.43 Level crossing rate and average duration of fades 
measured along half of the corridor as the 
receiver moved 4.5-7metres with the transmitter 
















Figure 5.44 Power spectrum of the fading envelope measured 
when the receiver moved 7-9.5metres with the 
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Figure 5.45 CDF measured when the receiver moved 7-9.5metres 








Figure 5.4 6 Median Distance against the logarithm of 
distance between the transmitter and receiver 
along the half which has a metal sidewall.
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Figure 5.47 Power spectra measured along the two halves of 































99 . 9 -10
dB's below the median
-20 -30 -40
0 . 5
0 . JLL- 
-30 -25 -20
dB'3 below mean level
-10 -5
Along the half which has a metal wall Level crossing rate
10 . 00 
50 . 00
99 . 00
99 . 9910 -10 -20
dB's below the median
-30 25 -20 -15 -10 -5
dB's below mean level
Along the half with plasterboard partitions Average duration of fades
Figure 5.48 CDF of the fading, envelope measured along the two Figure 5.49 Comparison between the level crossina rate and
halves of the corridor as the receiver moved the averaa« rf„„nnn *1 crossln<? rate and
7-*9. Smetres away from the transmitter both hlllll ?5 * * *  mfasured alon9, 1 Docn halves of the corridor as the receiver
































99 . 99 -20 -30 -40-JL0
dB's below the median
10
Along the half which has a metal wall







99 . 9910 -10 -20
dB's below the median
-30 -40
Along the half with plasterboard partitions
Figure 5.48 CDF of the fading envelope measured along the two 
halves of the corridor as the receiver moved 
7-9.Smetres away from the transmitter
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Figure 5.49 Comparison between the level crossing rate and 
the average duration of fades measured along 
both halves of the corridor as the receiver 
moved 7-9.Smetres away from the transmitter
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Figure 5.50 Measured fading envelope as the receiver 
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Figure 5.51 Overall CDF of the fading envelope obtained as 
the receiver away from the transmitter along the 
diagonal facing the transmitter
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Figure 5.52 Relative amplitudes of the four single 
reflections and the the direct component as 
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Figure 5.53 Power spectrum of the fading envelope obtained 
as the receiver moved 2-4metres along the 
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Figure 5.54 Relative amplitudes of the 12 different 
reflections considered in the ray like model 

















Figure 5.55 Power spectrum predicted when the receiver 
2-4metres along the diagonal
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Figure 5.56 CDF measured when the receiver moved 2-4metres








Figure 5.57 Power spectrum of the fading envelope obtained 
as the receiver moved 6—Smetres along the 
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Figure 5.58 Relative amplitudes of the 12 different 
reflections considered in the ray like model 










Figure 5.59 CDF measured when the receiver moved 6-8 metres 










Figure 5.60 Power spectrum obtained as the receiver moved 
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Figure 5.61 Relative amplitudes of the 12 different 
reflections considered in the ray like model 
along the diagonal with the terminals lOmetres 
apart
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Figure 5.62 CDF measured when the receiver moved 10-12 metres
















Figure 5.63 Fading envelope obtained as the receiver 
travelled 11 metres along the cross diagonal 
of the room
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Figure 5.64 CDF of the fading envelope obtained over 11 
metres along the cross diagonal of the room
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Figure 5.65 Relative amplitudes of the four single 
reflections and the direct component as the 












Figure 5.67 Power spectrum of the fading envelope obtained
over 2 metres, first location, on the cross
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Figure 5.68 Relative amplitudes of the various reflections 
considered in the ray like model with the 
receiver at the start of the first location 




Figure 5.69 Power spectrum predicted when the receiver 
travelled over the first location along the 
cross diagonal
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Figure 5.70 CDF measured over the first location of the 
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Figure 5.71 Level crossing rate and average duration of fades 
measured over the first location of the receiver 
along the cross diagonal
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Figure 5.72 Power spectrum of the fading envelope measured 
over 2metres, second location, on the cross 
diagonal
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Figure 5.73 Relative amplitudes of the various reflections 
considered in the ray like model with the 
receiver at the start of the second location 
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Figure 5.74 CDF measured over the second location of the 
receiver along the cross diagonal
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Figure 5.75 Power spectrum of the fading envelope measured 
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Figure 5.7 6 Relative amplitudes of the various reflections 
considered m  the ray like model with the 
receiver at the start of the third location 
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Figure 5.78 Obstructed line of sight measurements layout
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Figure 5.79 Fading envelope obtained as the receiver moved 
for a short time under line of sight conditions 
and Smetres into the shadwo region where line of 
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Figure 5.80 Reduction of the median received signal power as 
the direct component between the transmitter and 
receiver has been blocked
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The model, created by Mr.J. Griffiths, is designed to give 
the signal strength at any receiver position within an 
enclosed environment. The walls are assumed to be smooth 
and all with the same dielectric constant. The electric 
field strength is calculated by considering a direct ray 
plus rays which have undergone single and double 
reflections from the walls.
1.1 Simulation Program
The enclosed environment is defined by the 
co-ordinates(XR,YR), the position of the stationary 
transmitter by(X^,,Y^,) and the position of the receiver at 
any time by(X^.Y^), as illustrated in figurel.l.
The receiver moves along a route, defined by (Xg .Ys) and 
(X^.Yf) as the starting and finishing points respectively. 
The path taken by the receiver is then divided by the 
number of the sampling points to be considered (equivalent 
to the sampling rate) along it, and the electric field 
strength computed at each position.
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At each sampling point, the received signal strength is 
determined by the resultant vector of the following rays:
* direct
* single reflection
* double reflection from opposite walls
* double reflections from adjacent walls
The path length of each ray is:
L = V 2 ~  2 1. 1m + m 
x y
where m^ and m^ are the x and y components of the path 
length between the transmitter and the receiver and are 
defined in terms of XR, YR, X^,, Y^,, X^ and Y^. The
amplitude of each ray is inversely proportional to its 
path length. The amplitude of reflected rays will be 
further reduced by the reflection coefficient (T) of any 
surface that the ray reflects from. The simulation program 
assumes smooth walls and therefore only specular 
reflections. For vertically polarised rays the reflection 
coefficient is given by:
r = sine - ( ER - cos26)1/2 , „
slnO + ( ER - cos20)1/2
where 0 is the angle of incidence and ER is the dielectric
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constant of the surface the ray is reflected from.
The phase of a ray at the receiver is given by:
where <J)^ is the phase shift introduced by any reflections.
1.1.1 Direct Ray
The path length of a direct ray is calculated from
equation 1.1 where m and m are defined in figurel.2 andx y
the electric field strength, E is:
E a — r  1. 4
The direct component has a zero phase shift, 4)^=0.
1.1.2 Single Reflection
Four single reflections, one from each wall are considered 
as shown in figurel.3. The electric field strength is 
given by:
r.
E a — 1.5 
i
where is the reflection coefficient of a reflected ray
and i = l 4. Each reflected ray is associated with a
177
phase shift of w , 4>^ =tt.
1.1.3 Double Reflections From Opposite Walls
There are four possible reflections as depicted in 
figurel.4. The contribution of each reflected ray to the 
electric field strength is given by:
r.2
E a —   1 . 6
L i
with a phase shift of 2ir, 4>^=2tt.
1.1.4 Double Reflections From Adjacent Walls
Eight possible reflections off adjacent walls are 
possible, figurel.5, of which only 4 are attainable at one 
time. The electric field strength of each reflection is:
r i • f o ­il 2i , ^E a ---- ;----- 1.7
L i
Where r i.=ro . if the angles of incidence of the two 1 i 2i
reflections are equal. Each reflection is accompanied with 
a phase shift of 2 v , (|)^ =27r.
Therefore the resulting electric field strength at any 






Figure 1.1 Computer co-ordinates simulation
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Figure 1.2 Direct component
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Figure 1.3 single reflections
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Figure 1.4 Double reflections off the opposite walls
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Figure 1.5 Double reflections off adjacent walls
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Figure 1.5 Double reflections off adjacent walls
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fChapter 6
NARROW BAND CHARACRERISATION of a 40GHz MOBILE RADIO 
CHANNEL: COMPARISON WITH a 60GHz CHANNEL
A set of measurements has been carried out in the indoor 
environments described in chapters in order to examine the 
fading statistics of a 40GHz mobile radio signal and to 
compare it with a 60GHz signal.
The most important difference between the 40GHz and 60GHz 
systems is the wavelength the system operates at and the 
elevation beamwidth of the transmitting and receiving 
antennas. The 40GHz system operates at a wavelength of 
7.83mm with its antennas omnidirectional in the azimuth 
plane with an elevation beamwidth of 30°. The 60GHz system 
is operating at a wavelength of 4.97mm with its antennas 
omnidirectional in the azimuth plane with an elevation 
beamwidth of 8°.
In the corridor the 40GHz and 60GHz measurements were made 
with the antennas at 1.55metres and 1.75metres above the 
floor respectively. However in the room, the measurements 
were conducted with the antennas at a height of 
1.75metres.
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6.1 Fading Statistics In a Long Narrow Corridor
The fading statistics of a 40GHz mobile radio signal have
been investigated firstly in the corridor environment with 
the transmitter located at the end of the corridor near to
the metal wall. The receiver moved a distance of 22.5
metres along the centre line of the corridor away from the 
transmitter at an average speed of lmetre/sec. This 
ensures about 40sample/wave1 ength which is large enough to 
reveal the fast fading statistics of the signal envelopes.
6.1.1 Fading Envelopes
The fading envelopes measured at 40GHz and 60GHz when the 
receiver moved away from the transmitter are given in 
figure6 .1a (2-12metres) and figure6 .1b (12-24.5metres) 
with the cumulative distributions of these envelopes given 
in figure6.2a and figure6.2b. It has already been 
established that the low frequency large amplitude 
variation of the standing wave patterns is caused by 
interference between the direct component and reflections 
off the sidewalls. The wider elevation beamwidth of the 
40GHz antennas allows reflections off the ceiling and 
floor to contribute to the received signal envelope. At 
40GHz single reflections off the celling and floor start 
occuring when the receiver moved 8.6 metres and 11.6 
metres away from the transmitter respectively. The
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differential path length -between such reflections and the 
direct component undergoes a faster rate of change than 
that of single reflections off the sidewalls, as the 
receiver mov^s away from the transmitter, and consequently 
add slightly higher frequency components to the low 
frequency large amplitude variation.
When the terminals are close to each other the cumulative 
distribution of the 40GHz envelope, figure6.2a, closely 
follows the Rayleigh distribution to the 99.9% probability 
point. At larger %probabi1ities the distribution departs 
from Rayleigh to cut at a point lldB above the receiver 
noise threshold. However, the distribution measured at 
60GHz is noticeably worse than Rayleigh. At greater 
distances, the distribution of the 40GHz envelope, 
figure6.2b, departs from Rayleigh for %probabi1ities of 
more than 99.5% and cut at a point 9dB above the receiver 
noise threshold. However, the 60GHz distribution closely 
follows Rayleigh to the 99.99% probability point.
These measurements indicate that, because the differential 
phase between the various reflected components and the 
line of sight component varies at a slower rate at 40GHz 
due to the longer wavelength, the 40GHz envelopes exhibit 
slower amplitude variation. The 40GHz envelopes also 
suffer less deep destructive fading because of the greater 
number of reflections, arisen because of the wider 
elevation beamwidth, filling the nulls of the received
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signal.
The variation of median received signal power with 
distance, f 14511^ 6 .3 , has a propagation exponent of 1.93 
smaller than the 60GHz exponent of 2.6. This is because of 
the wider elevation beamwidth of the 40GHz antennas which 
allows reflections off the ceiling and floor to contribute 
significantly to the low frequency large amplitude 
variations.
6.1.2 Fading Statistics
The fading envelopes and power spectra measured, at 40GHz 
and 60GHz when the receiver moved 4.5-7metres away from 
the transmitter are given in figure6.4. At this range, the 
primary signal reflectors are the sidewalls of the 
corridor. The reflected components from these surfaces 
induce a low frequency component that smears over a 
narrower bandwidth at 40GHz. High frequency components, 
caused by reflections ahead of the receiver with a maximum 
frequency approaching 2V/X, are present at low levels. It 
is apparent that at 40GHz the power concentrated at high 
frequencies forms a larger proportion of the total power 
measured in the received signal envelope. This is due to 
more reflections ahead of the receiver, such as 
reflections from the end of the corridor after being 
reflected from the floor and ceiling which have arisen 
because of the wider elevation beamwidth of the 40GHz
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antennas. Such reflections do not occur at 60GHz.
The cumulative distributions, level crossing rate and 
average duration of fades, given in figure6.5 and 
figure6 .6 , indicate that the 40GHz signal envelope, 
because of the longer wavelength, suffers less deep fading 
with fades occuring at a slower rate. However, it is 
evident that the average duration of fades is almost 
similar. This is because reflections from the endwall of 
the corridor, after being reflected from the ceiling and 
floor arisen because of the wider elevation beamwidth, 
contribute to the signal envelope with additional high 
frequency components and fill in the deep fades.
At greater distances, figure6.7 (12-14.5metres) , single 
reflections off the floor and ceiling contribute to the 
low frequency large amplitude variation of the 40GHz 
signal envelope. The power spectra obtained at both 40GHz 
and 60GHz have a peak power, relative to mean level, about 
2dB less than that obtained with the terminals 4.5-7metres 
apart. This contradicts the predictions in the ideal case, 
where the walls are assumed to be smooth all with the same 
dielectric constant and the relative amplitudes of the 
various reflected components and the direct path increase 
as range increases. In the corridor, there is a change in 
sidewall materials as the receiver moves away from the 
transmitter and a number of discontinuities along both 
sides of the corridor. The power spectra also exhibit
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larger amounts of high frequency components than that 
measured at closer distances because reflections ahead of 
the receiver become stronger as the end of the corridor is 
approached.
The cumulative distribution measured at 40GHz, figure6 .8, 
follows the Rayleigh distribution to the 99.5% probability 
point, ending at a point 10.5dB above the receiver noise 
threshold. However, the distribution obtained at 60GHz 
indicates fades are deeper and occur more frequently. More 
differences are seen on the level crossing rate and 
average duration of fades given in figure6.9. It is 
evident that fades at 40GHz occured at a slower rate for a 
longer average time.
Toward the end of the corridor, figure6.10 (17-19.5 
metres), strong reflections off the end wall, after being 
reflected from the ceiling and floor, contribute 
significantly to the fast fading component of the 40GHz 
envelope. It is evident from the spectra that at 40GHz, 
the power concentrated at high frequencies forms a more 
significant proportion of the total power of the received 
signal envelope.
The cumulative distribution obtained at 40GHz, figure6 .ll, 
is much better than at 60GHz with fades of less than 15dB 
below the mean level figure6 .12, occuring at a faster rate 
for a shorter average time. This is because reflections
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off the ceiling and floor at 40GHz increased the frequency 
of the large amplitude variation and hence the crossing 
rate. Reflections ahead of the receiver contributed 
significantly to the amplitude variation at 40GHz 
increasing the amount of the fast fading component and 
thus reducing the average duration of fades.
6.2 The Effect Of The Metal Sidewall On The Fading 
Statistics At 40GHz
A set of measurements has been made along the two halves 
of the corridor, with the transmitter located in the 
middle, in order to examine the influence of the metal 
sidewall on the fading statistics.
The fading envelopes measured when the receiver moved 
2-12metres along the half which has all plasterboard 
partitions and the half with the metal sidewall are shown 
in figure6.13, with the cumulative distributions of these 
envelopes, plotted on Rayleigh paper about the median, 
given in figure6.14. Although the distributions are 
similar and follow the Rayleigh distribution, the standing 
wave patterns are somewhat different.
The effect of different sidewall materials on the 
reduction of median received signal power with distance, 
figure6.15, is quite small. Propagation exponents of 1.64 
and 1.56 along the half which has all plasterboard
190
partitions and the other half have been measured.
The influence of the metal sidewall on the fading 
statistics i's evident on the fading envelopes and the 
power spectra, figure6.16, obtained when the receiver 
moved 4.5-7metres along the two halves of the corridor. It 
is clearly seen that more frequency components appear in 
the low frequency part of the spectrum measured when the 
receiver moved along the half with the metal wall. This is 
due to stronger multiple reflections off the opposite 
sidewalls (plasterboard and metal). Furthermore, the 
proportion of the low level fast fading component is 
larger. This is due to more significant reflections from 
the endwall of the corridor, ahead of the receiver, after 
being reflected from the metal sidewall.
This has a significant effect on the cumulative 
distributions, figure6.17, where the distribution measured 
along the half with the metal sidewall, because of more 
significant components of the received signal, is much 
closer to Rayleigh. On the other hand, the presence of the 
metal sidewall caused fades to occur at a considerably 
faster rate, flgure6.18, with a much shorter average 
duration.
At greater distances, figure6.19 (9.5-12metres), multiple 
reflections off the sidewalls, along the half of the 
corridor with the metal sidewall, are still stronger than
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those along the other half. This is also the case with
reflections ahead of the receiver.
Although the effect on the cumulative distributions, 
figure6 .20, is not very significant, the change in the
fading statistics is seen on the level crossing rate and 
the average duration of fades shown in figure6.21. This
figure shows that fades, with the receiver moving along 
the half which has a metal sidewall, occured at a faster 
rate with a shorter average duration.
6.3 Comparison Between The 40GHz and 60GHz Measurements 
Along The Two Halves Of The Corridor
The differences between the fading envelopes and the power 
spectra obtained, with the transmitter located in the 
middle of the corridor, when the receiver moved along the 
half which has the metal sidewall can be seen from
figure6.22 (7-9.5metres). The most distinctive feature of 
these results, beacuse of the wider elevation beamwidth, 
is the larger amount of high frequency components measured 
at 40GHz. However, the 40GHz envelope, figure6.23, suffers 
less deep fading.
Because of the longer wavelength at 40GHz, fading, 
figure6.24, occured at a slower rate. However, because of 
the more significant contribution of reflections ahead of 
the receiver to the signal envelope, the average duration
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of fades is also shorter.
Over the same separation between the terminals, with the 
receiver moving along the half which has all plasterboard 
sidewalls, the differences between the 40GHz and 60GHz 
statistics are shown in figure6.25 to figure6.27. These 
results are somewhat dissimilar to those measured along 
the half with the metal sidewall. It is evident that the 
proportion of the fast fading component measured at 40GHz, 
compared to that at 60GHz, is smaller than that obtained 
along the half with the metal sidewall. This is because 
the relative amplitudes of reflections from the end of the
corridor and the direct component along the two halves are
different due to the different materials of the endwalls. 
It can also be seen that at 40GHz, along the half with all 
plasterboard sidewalls, fades greater than 15dB below the 
mean level occured at a faster rate with an average 
duration similar to that obtained at 60GHz. However, fades 
of less depth occured at a slower rate with a longer
average duration.
6.4 Fading Statistics In a Room
The measurements that have been conducted at 60GHz along 
the diagonal and the cross diagonal of the room, as
described in chapter5, were repeated at 40GHz under 
identical conditions.
193
6.4.1 Fading Statistics Along The Diagonal Of The Room
6.4. 1.1 Fad.ing Envelope
Figure6.28 shows the standing wave pattern measured when 
the receiver moved lOmetres along the diagonal facing the 
transmitter with the cumulative distribution of this 
envelope given in figure6.29. The low frequency large 
amplitude variation is caused by interference between the 
direct component and single reflections off the two walls 
adjacent to the transmitter. Towards the end of the 
diagonal single reflections off the ceiling contribute 
significantly to the amplitude variation. The rate of 
change in the differential path length between such 
reflections and the direct component is faster than that 
of single reflections off the walls adjacent to the 
transmitter. Consequently, such reflections induce a 
higher low frequency large amplitude variation than that 
caused by single reflections off the primary reflectors.
6.4.1.2 Fading Statistics
The fading envelopes and power spectra obtained at 40GHz 
and 60GHz when the receiver moved 2-4metres along the 
diagonal are given in figure6.30. High frequency 
components, caused by reflections from the far walls, are 
not evident on the 40GHz spectrum. This is due to the poor 
radiation pattern of one of the 40GHz antennas which
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attenuates the power associated with reflections from the 
far walls. This contrasts the measurements made in the 
corridor because the angles of arrival of reflections 
ahead of th£ receiver are distributed over a narrower 
beamwid th.
The cumulative distributions shown in figure6.31, and the 
level crossing rate and average duration of fades given in 
figure6.32, indicate that the 40GHz signal envelope 
suffers less deep fading.
Half way along the diagonal (6-8metres), the differences 
in the fading statistics are illustrated in figure6.33 to 
figure6.35. It is evident that the cumulative distribution 
measured at 40GHz is much better and fades occur at a 
slower rate with a shorter average duration.
Over the last section, figure6.36 (10-*12me tres) where the 
receiver decelerates, the proportion of fast fading 
measured at 40GHz, because of the poor omnidirectional 
pattern of one of the 40GHz antennas, is significantly 
less than that obtained at 60GHz. However, the wider 
elevation beamwidth allows single reflections off the 
ceiling to contribute to the large amplitude variation. 
The rate of change in the differential path length between 
such reflections and the direct component is 4X, where 
that of single reflections off the walls adjacent to the 
transmitter is 0.58X. On closer inspection of the spectra.
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figure6.37, the 40GHz spectrum can be seen to have a very 
low frequency peak and a peak, OdB below the reference, of 
a slightly- higher frequency, while the 60GHz spectrum 
exhibits onl/ one low frequency peak.
The increased number of significant components of the 
signal received at 40GHz has a noticeable effect on the 
cumulative distribution, figure6.38, where a distribution 
much closer to Rayleigh has been obtained. Furthermore, 
fades at 40GHz, figure6.39, occured at a faster rate with 
a longer average duration.
6.4.2 Fading Statistics Along The Cross Diagonal
The fading envelope obtained over 11 metres along the 
cross diagonal of the room is shown in figure6.40. A 
distinctive feature of this envelope is the variation of 
the received signal power with distance. In the centre of 
the room (shortest distance between the transmitter and
the receiver) the received signal power is at its minimum. 
However, toward the ends of the cross diagonal the
received power increases. This is due to the poor
omnidirectional pattern of one of the 40GHz antennas
resulting in a significant attenuation of the power 
associated with the direct component particularly in the 
middle of the room.
The fading envelopes and the power spectra measured at
196
40GHz and 60GHz when the receiver travelled 2 metres along 
the first location, as described in chapter5, are shown in 
figure6.41. It is evident that the envelope amplitude 
variation measured at 40GHz is dissimilar to that of the 
60GHz envelope. It can be also seen that the 40GHz 
spectrum, with frequency components higher than 2V/X 
present at a very low level, is significantly different to 
the 60GHz spectrum.
The poor omnidirectional pattern has affected the envelope 
amplitude variations significantly because the angles of 
arrival of the direct component and reflections off the 
walls are distributed over a wide beamwidth.
6.5 Conclusions
The fading statistics of a 40GHz mobile radio signal in a 
variety of indoor environments have been established and 
compared with those obtained at 60GHz.
It has been found that the fading mechanism at both 40GHz 
and 60GHz is similar. The wider elevation beamwidth will 
allow reflections off the ceiling and floor to occur. Such 
reflections, because of the slow rate of change in the 
differential path length between direct and reflected 
component, add to the low frequency large amplitude 
variation of the received signal envelope. The wider 
elevation beamwidth will also allow reflections from
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surfaces opposite to the transmitter after being reflected 
from ceiling and floor. The rate of change in the 
differential path length between such reflections and the 
direct component undergoes fast changes over a small 
movement of the receiver. This has the effect of 
increasing the proportion of the fast fading component of 
the received signal envelope.
The cumulative distribution of the signal envelope 
measured at 40GHz is better than that obtained at 60GHz 
with the very deep fading occuring less frequently. This 
is due to the wider elevation beamwidth of the 40GHz 
antennas allowing more reflections to fill in the deep 
fades.
Despite the longer wavelength, because of the wider 
elevation beamwidth of the 40GHz antennas, the higher 
order statistics have shown that fades at 40GHz could 
occur at a faster rate for a shorter average duration 
compared to those at 60GHz.
The radiation pattern of the transmitting and receiving 
antennas in the azimuth plane is also an important element 
in determining the envelope amplitude variation of the 
signal envelope. It has been shown that the resultant of 
the various components of the received signal arriving at 
a poor omnidirectional antenna could produce an envelope 
with a very low level frequency components higher
198
than that measured at 60GHz.
The most distinctive difference between the 40 and 60GHz 
fading statistics is that, because of the wider elevation 
beamwidth of the 40GHz antenna, the power concentrated at 
higher frequencies forms a more significant proportion of 
the total power of the received signal envelope. However, 
the greater number of components of the received signal 
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Figure 6.17 Cum ula ti ve distributions measured at 40GHz 
when the receiver .moved 4.5-7metres along 




®-25 -2 8  - 1 3  -1® - 3  B
dB's below mean level
Level crossing rate
dB's below mean level
Average duration of fades
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Figure 6.25 Fading envelopes and power spectra measured 
at 40GHz and 60GHz along the half with all 
plasterboard walls when the receiver moved 
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Figure 6.27 Level crossing rate and aver age  dura ti on  of
fades measured at 40GHz and 60GHz along the
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receiver moved 7-9 .5metres
Figure 6.28 Fading envelope measured at 40GHz when the 
receiver moved 2-12 metres a l o n g  the diagonal 
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Figure 6.29 Cumulative distribution obt ai ned at 40GHz 
when the receiver moved 2-12 me tres along the 
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Figure 6.31 Cumulative distributions measured at 40GHz 
and 60GHz when the receiver moved 2-4metres 
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5.34 Cumulative distributions measured at 40GHz 
and 60GHz when the receiver moved 6-8metres 
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Figure 6.37 Power spectra measured at 40GHz and 60GHz 















Figure 6.38 Cumul ati ve  distributions measured at 40GHz 
and 60GHz when the receiver moved 10-12metres 
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Chapter 7
THE DESIGN AND CONSTRUCTION OF A SINGLE TRANSMITTER 
FREQUENCY DIVERSITY SCHEME FOR THE 60GHz AND 40GHz MOBILE
RADIO SYSTEMS
7.1 Introduction
The single transmitter frequency diversity reception 
scheme, discussed in chapter4, has been implemented for 
the 60GHz and 40GHz mobile radio systems. The transmitter 
used either a Gunn(40GHz) or an Impatt(60GHz) source which 
was narrow band FM modulated to produce two sideband 
signals symmetrically disposed about the carrier which are 
then radiated via one antenna. The receiver, with a Gunn 
diode local oscillator and automatic frequency control 
system, had independent sideband detection and logarithmic 
ampli f iers.
This chapter describes firstly the implementation of the 
diversity scheme on both the 60GHz and 40GHz mobile radio 
transmitters and secondly, the complete design and 
construction of a two branch frequency diversity reception 
scheme, incorporating an automatic frequency control loop.
228
7.2 Frequency Diversity Transmitter
7.2.1 60GHz Frequency Diversity Transmitter
The two sideband signals (diversity branch signals) have 
been obtained, figure7.1, by narrow band frequency 
modulating (FM) the dc output current of the Impatt power 
supply with a sinusoidal signal. The modulating signal, 
from an external source, is injected into the modulation 
input socket. The level of output current modulation is 
set by the modulation voltage. The sensitivity of the 
modulator is approximately lOmA/volt, with a maximum 
current modulation of 20mA peak to peak corresponding to 
an input voltage of 2 volts peak to peak. The dc output 
current can be modulated by frequencies from dc to 10MHz. 
However, it has been observed that at frequencies higher 
than 5MHz the modulation current suffers distortion.
Before applying the modulation to the Impatt oscillator, a 
preliminary procedure using a dummy load, figure7.2, 
necessary to establish the correct operating conditions 
for the power supply and the modulating source has been 
utili sed.
Having established the correct operating conditions, the
dc output current is connected to the Impatt oscillator
which was located at one end of an anechoic chamber. The
modulated signal is fed to the antenna through an
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isolator. The received signal, at the far end of the 
anechoic chamber, is downconverted to a suitable 
intermediate frequency. Figure7.3 and figure7.4 show the 
spectra of the received FM signal for modulating signal 
frequencies of 2.5 and 5MHz.
The spectra have a number of sidebands located 
symmetrically about the carrier frequency. The number of 
sidebands is dependent upon the modulation index which can 
be adjusted by changing the modulating signal amplitude. 
However, care must be taken to ensure that the peak output 
current does not exceed the maximum rating of the Impatt 
oscillator. Two significant sidebands symmetrically 
disposed about the carrier and separated by twice the 
modulating signal frequency are evident on the spectra. 
These sideband signals are considered to be the diversity 
branch signals.
It is important to note that modulating the Impatt 
oscillator reduces the system fading margin because the 
sideband amplitudes are less than the unmodulated CW 
carrier.
7.2.2 40GHz Frequency Diversity Transmitter
The two branch signals have been generated in a similar 
manner to that described for the 60GHz. The modulating 
signal is given a positive dc offset before it is applied
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to the varactor input of the gunn diode oscillator, 
figure7.5, in order to prevent the varactor input from 
being negative. The positive dc offset was obtained from 
the circuitry given in figure7.6. A wideband operational 
amplifier OP A606KP with a gain bandwidth product of 12MHz 
has been employed.
7.3 Frequency Diversity Reception
The incoming signal at the receiving antenna, figure7.7, 
is downconverted to an intermediate frequency and then 
split into two branches. The diversity branch signals are 
separated by bandpass filters. The received field strength 
of the branch signals is measured by logarithmic 
amplifiers, the outputs of which are sampled and stored in 
a two channel data acquisition and storage unit.
The disadvantage of such a configuration is the frequency 
drift of the intermediate frequency signal resulting from 
the frequency instability of the oscillators at the 
transmitter and the receiver. This causes the branch 
signals to fall outside the passband of the branch 
filters. One solution is to lock the receiver and the 
transmitter oscillators to a high stability reference 
signal using phase locked loop techniques. This method is 
effective but can be complex and expensive to implement, 
particularly at millimetre wave frequencies.
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A possible cheaper and less complex solution is to use an 
automatic frequency control (AFC) system incorporated at 
the receiver as shown in figure7.8. An AFC loop is a 
feedback system which will track the intermediate 
frequency, maintaining the output frequency of the loop 
(second intermediate frequency) constant. In this way the 
drift caused by both the transmitter and the receiver 
oscillators may be corrected using one circuit. Also in 
this way expenses at millimetre wave frequencies are not 
encountered.
7.4 Automatic Frequency Control System (AFC) for the 60GHz 
and 40GHz receivers
The design of an AFC loop for the 60GHz and 40GHz mobile 
radio links should satisfy three important requirements:
1. The system should have a wide bandwidth so that it can 
cope with a large frequency drift in the intermediate 
frequency signal.
2. Because such system operates under severe multipath 
fading, the dynamic range of the loop should extend 
down to at least -70dBm.
3. The AFC system, although the intermediate frequency 
signal consists of a number of sidebands, has to lock 
onto the single carrier signal.
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An automatic frequency control system, with a dynamic 
range over 70dB, capable of tracking a frequency drift of 
10MHz in the intermediate frequency signal has been 
implemented. A block diagram of the AFC loop is shown in 
figure7.9. The loop has been designed for an input signal 
centred at 115MHz and varies between 110 and 120MHz with 
an output signal centred at 50MHz. This has been obtained 
by mixing the incoming signal with the voltage controlled 
oscillator output frequency which varies between 60 and 
70MHz.
The AFC loop incorporates a high gain limiting amplifier, 
necessary to supply the loop with a constant signal level 
despite the amplitude variation of the input signal. The 
discriminator acts as a frequency to voltage converter 
generating a dc voltage proportional to the frequency 
change at its input. This affects a shift in the voltage 
controlled oscillator output such that the loop output 
frequency is maintained constant. It is seen then that the 
feedback is such to affect the tracking of the 
intermediate frequency by the voltage controlled 
osci1lator.
The loop also has a bandpass filter. This is an important 
element for supplying the system with a single carrier 
signal and suppressing all the sideband signals of the 
intermediate frequency as well as the harmonics generated
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out of the mixing process. The output loop signal at 50MHz 
has been made available by employing a power splitter 
without affecting the loop performance.
The design of each module is described below.
7.4.1 High Gain Limiter Amplifier
A 7 stage 50MHz amplifier has been designed and 
constructed using Plessey SL521C logarithmic integrated 
circuits, each of which provides a gain of lldB. The 
important advantage these integrated circuits hold over 
the cheaper RF amplifiers is that they allow a high input 
signal level before overload occurs, typically 1.8Vrms as 
compared to 20mVrms. They are available commercially and 
will cope with very fast fading rates. The circuit diagram 
of the amplifier is shown in figure7.10. The amplifier 
provides a dynamic range of 70dB with a saturated output 
at OdBm.
7.4.2 Frequency Discriminator
The phase locked loop, figure7.ll, was an obvious design 
choice for the frequency discriminator. A cheap and 
available 50MHz phase locked loop integrated circuit, 
Signetics NE564 IC, has been used. The integrated circuit 
and its external circuitry for use in this application is 
shown in figure7.12.
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The free running frequency, f of the voltage controlled 
oscillator is given by:
f = ----    7. 1
o 2 5 0 0 ^
where is the capacitor connected between pins 12 and
13.
The phase locked loop parameters are dependent on the loop 
gain which can be varied via the 10K ohm variable resistor 
connected to pin 2. The capacitors connected at pins 4 and 
5, with a series 1.3K ohm internally connected resistor, 
form a first order lag low pass loop filter which removes 
the high frequency components from the output of the phase 
sensitive detector.
7.4.3 Voltage Controlled Oscillator (V.C.O)
Square wave voltage controlled oscillators have the 
disadvantage of a much increased harmonic content compared 
to analogue voltage controlled oscillators. However, they 
are readily available as a single integrated packages in 
the form of digital VCO’s and offer a much larger linear 
range.
Operation of the voltage controlled oscillator between 
frequencies 60 to 70MHz means that unwanted components due 
to the V.C.O harmonics are kept clear of the 50MHz output
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loop frequency. The SN 74S124 is a dual digital voltage
controlled oscillator which offers operation up to 80MHz
and can easily provide a 10MHz linear range. Figure7.13
shows the circuit diagram of the voltage controlled
oscillator used in this application. The external
capacitor C between pins 4 and 5 and the variabler ext
offest voltage to pin 3 set the controlled frequency 
range. The centre frequency of the V.C.O, fQ , is set by:
f _ | 0 0 _  7 2
O t .ext
7.4.4 Correction Circiut
In order to correct the discriminator output voltage to 
that required at the voltage controlled oscillator input, 
a simple correction circuit, figure7.14, is required. The 
first amplifier provides buffering to prevent loading of 
the discriminator output. The second and third stages 
incorporate a dc offset and gain which produce a straight 
line relationship between the input and the output.
A two level clamp circuit, figure7.15, has been introduced 
after the correction circuit in order to limit the input 
voltage of the voltage controlled oscillator to that 
required to produce the 60 to 70MHz output. This circuit 
was implemented passively where the IK ohm and the 4K7 ohm 
resistors allow adjustments of the clamping voltages.
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7.4.5 Loop Filter
The introduction of a bandpass filter centred at 50MHz 
with a 3dB bandwidth of 1.5MHz has the important advantage 
of supplying the loop with a single carrier signal. This 
has a significant effect in improving the dynamic range 
over which the loop can operate without breaking lock. The 
circuit diagram of the filter designed and implemented in 
the loop is given in figure7.16.
7.4.6 Power Splitter
The 50MHz output of the automatic frequency control system 
has been made available without disturbing the closed loop 
performance by employing a two port 50 ohm power divider, 
the circuit of which is shown in figure7.17.
7.5 Closed Loop Performance
A carrier signal at 115MHz was amplitude modulated by a 
500Hz sinusoidal wave (carrier fading frequency =500Hz) 
and then mixed with a 2.5MHz signal. This produces a 
similar IF spectrum to that which would be obtained from 
the modulated Impatt or the Gunn source with the whole 
spectrum fading at a rate of 500Hz. The generated signal 
is applied to the input of the A.F.C system and the 50MHz 
output signal was monitored on a spectrum analyser.
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Testing the closed loop has revealed that the system keeps 
in lock although the carrier signal fades to a level as 
low as -75dBm, and is capable of tracking 10MHz frequency 
drift in the input signal. The loop has a capture and hold 
in range of 10MHz.
7.6 Diversity Branch Components
So far the intermediate frequency of the received signal 
has been locked and converted down to a second 
intermediate frequency of 50MHz.
A block diagram of the diversity branches is given in 
figure7.18. The two branches have been obtained by power 
splitting the 50MHz output signal of the closed loop 
system. Each port of the divider has been connected to a 
bandpass filter through a buffer amplifier, with an input 
impedance of 50 ohm, so that balanced power splitting can 
be obtained.
The two branch filters, followed by logarithmic
amplifiers, are centred at 50±f , where f is them m
modulating signal frequency, so that the branch signals 
can be detected independently
7.6.1 Buffer Amplifiers
Two identical buffer amplifiers, with an input impedance
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of 50 ohm, have been designed and constructed using the 
Plessey SL521C logarithmin integrated circuit. The circuit 
diagram of the buffer amplifier is given in figure7.19.
7.6.2 Bandpass Filters
As can be seen from the intermediate frequency spectrum of 
the 60GHz transmission link. figure7.3, the passband 
filters should have a narrow bandwidth and a high roll off 
in order to pass the individual branch signals above and 
below the carrier and suppress the adjacent sideband 
signaIs significan11y .
Identical passband filters with a 3dB bandwidth about 1MHz 
and of at least 25dB suppression at a point 2.5MHz from 
the centre frequency have been designed. This has been 
achieved by a two stage coupled parallel resonance LC 
circuit as shown in figure7.16. The advantage of this 
configuration is the wide tuning range the filter can 
provide and the narrow bandwidth which can be achieved by 
changing the mutual coupling between inductors. A typical 
response of such configuration is given in figure7.20.
7.6.3 Logarithmic Amplifiers
The circuit diagram of the complete design of the 
logarithmic amplifier is given in figure7.21. The 
amplifier consists of six stages of cascade SL521C
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integrated circuits and two additional units employed as 
’lift’ stages to extend the dynamic range to over 80dBm. A 
single tuned circuit has been introduced in the chain to 
reduce the noise level of the device.
The measurements made on the constructed amplifiers 
indicated a dynamic range of 80dB and a 3dB bandwidth of 
10MHz.
7.7 Completed Design Of The Diversity Reception Scheme
Each designed component was constructed on a printed 
circuit board and screened by locating it inside a diecast 
box. The boxes are then arranged and fixed on a large 
wooden board and connected together through screened 
coaxial cables which were kept as short as possible. The 
power to the system has been supplied from ±15volts power 
supply, where the power lines fed to each module have been 
internally regulated.
A photo of the constructed system is given in figure7.22.
7.8 Characterisation and Testing
The 115MHz carrier and two sideband signals, separated in 
frequency by 5MHz, have been generated at the input of the 
automatic frequency control system. The input signal was 
varied in its amplitude over a dynamic range of 80dB. The
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two passband branch filters were tuned to centre 
frequencies of 47.5 and 52.5MHz. The signal level at each 
diversity branch was measured by its own logarithmic 
amplifier, the output of which was sampled at a rate of 
5000samples/sec, and stored in a two channel data 
acquisition and storage unit. The data is then read to a 
BBC computer and stored on floppy disk. The digital output 
of each channel was extracted from the transfered data 
file and calibration tables were established.
Having obtained the look-up tables, the two sideband 
signals were made to fade simultaneously at a rate of 
500Hz in order to verify the system performance and the 
measuring equipment in the case of two identical branch 
signals. This procedure is essential to make it evident 
that the fading envelopes of the two branches are 
identical.
The fading envelopes measured at the diversity branches 
are given in figure7.23. It is apparant that the diversity 
branch signal exhibit identical amplitude variations. The 
similarity between the branch signals can also be examined 
through analytical implementation of selection combining 
of the two branch signals. The measured field strength of 
the branch signals was converted to dBm*s and then 
compared. An envelope, figure7.24, identical to the 
envelopes measured at either diversity branch has been 
obtained.
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The calibration and the measurements described above were 
repeated for a frequency separation between the two 
sideband signals of 10 and 15MHz, and similar results have 
been achieved. This proves the validity of the system 
performance over a bandwidth of 15MHz as well as the 
validity of the selection combining technique.
7.9 System Noise Level And Experimental Procedure
Before carrying out any diversity propagation 
measurements, the bandpass branch filters were retuned 
according to the frequency separation between the two 
sideband signals and the 60GHz and 40GHz transmission 
links were calibrated every time in the anechoic chamber. 
This is essential because of the variation of the 
frequency response of several components of the receiver 
when changing the modulating signal frequency, especially 
the buffer amplifiers and the logarithmic amplifiers.
The ground noise level, as measured at the output of the 
logarithmic amplifiers of the two branches, is about 
-80dBm.
The receiver, powered from the mains, was fixed on a 
tripod with the associated components mounted on a trolley 
and placed next to the receiver as can be seen in 
f igure7.25(60GHz).
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The transmitter, powered from a 12V battery inverter, was 
mounted on a trolley as shown in figure7.26(60GHz), and 
moved at an almost constant speed.
Measurements have been conducted in a variety of indoor 
and outdoor environments in and around the University of 
Bath at 60GHz and 40GHz and for 5, 10 and 15MHz frequency
separations between the two sideband signals. During the 
measurements it was made sure that the automatic frequency 
control system was always in lock by monitoring the 
voltage controlled oscillator output frequency on a 
frequency meter. The data is then loaded to a BBC computer 
and then transfered to an Archimedes 440 computer for 
further analysis.
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Vertical scale lOdB/div 
Horizontal scale 2MHz/div
Figure 7.3 Sp ec t r u m  of the FM signal with 
signal frequency of 2.5MHz
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Figure  7.6 Circuit diagram of the dc offset implemented 














Figur e 7.7 Block diagram of a co nventional fre quency 


















Figure 7.8 Block diagram of a frequency diversity 
receiver incorporating an AFC system












Figure 7.9 Automatic frequency control loop block diagram
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Figure 7.11 Phase locked loop frequency di scr iminator 
block dia gra m
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Figure 7.12 Frequenc y discrimin ator circuit dia gram
Figure 7.13 Voltage c ontro ll ed oscillator circuit diagram
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Figure 7.15 Two level clamp circuit diagram
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F igu re 7.16  Loo p filter circuit diagram






















Figure 7.19  Buffer amp li fier circuit dia gram
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Figure 7.21 Logari th mic amplifier circuit diag ra m













Figure 7.23 Fading envelopes of the two b r anch  signals 








Figure 7.24 Sele ction c o m b i n a t i o n  en velope of the two 
branch signals
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Fi gur e 7.25 60GHz receiver and its com ponen ts  used for 
the diversity p r o p a g a t i o n  measu r e m e n t s
254
Figure 7.26 60GHz transmitter c o n f i g u r a t i o n  used for the 
diversity p r o p a g a t i o n  me asureme nt s
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Chapter 8
THE EFFECTIVENESS OF FREQUENCY DIVERSITY IN REDUCING 
MULTIPATH FADING OF A 60GHz MOBILE RADIO SIGNAL: RESULTS
OF PROPAGATION MEASUREMENTS
Frequency diversity propagation measurements have been 
made in a variety of indoor and outdoor environments in 
and around the University of Bath for frequency 
separations between the diversity branch signals of 5, 10
and 15MHz. The performance of the selection diversity 
scheme is illustrated from the fading envelopes and their 
cumulative distributions as well as the improvement in the 
level crossing rate and average duration of fades. The 
cross correlation between the diversity branch signals as 
a function of frequency separation between the branch 
signals is also examined.
8.1 Indoor Frequency Diversity Propagation Measurements
8.1.1 Diversity Improvement In a Corridor
A set of measurements has been conducted in a corridor 
which is 15 metres long, 1.6 metres wide and 2.75 metres 
high, and had a number of doorways leading off. The walls
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of the corridor were primarily plasterboard, while the
entrance and the exit were double wooden doors. The 
corridor environment is clearly seen from figure8.1.
The receiver, fixed on a tripod, was stationary at one end 
of the corridor with its antenna at 1.75metres above the
floor. The transmitter, mounted on a trolley with its
antenna of the same height as the receiving one, was moved
at an almost constant speed of 0.12 metre/sec over 
different sections, each of which is 1.5metres long, along 
the centre line of the corridor.
The received diversity branch signals were sampled at a 
rate of 5000 samples/sec and the performance of the A.F.C 
system was monitored during each run to ensure the 
validity of the measurements.
This measuring technique provides a number of samples 
large enough to reveal the details of the diversity branch 
signals. This is necessary for evaluating the performance 
of the selection diversity scheme.
8.1.1.1 Experimental Results
The fading envelopes of the diversity branch signals 
measured when the transmitter moved 6-7.5metres away from 
the receiver, with the branch signals separated by 5MHz, 
are shown in figure8.2 with the selection combination
257
envelope of these branch signals given in figure8.3. It 
can be seen that the low frequency large amplitude 
variation of the diversity branch signals is similar. 
However, the deep fading they exhibit is somewhat 
different. This behaviour has also been predicted in an 
ideal case assuming smooth walls all with the same 
dielectric constant, as described in Appendixl-Chapter5, 
where the fading envelopes in the corridor have been 
simulated at two frequencies separated by 5MHz, as shown 
in figure8.4.
It has already been established in the previous chapters 
that the primary reflectors are the surfaces of the 
corridor that lie close to the direct path between the 
transmitter and the receiver such as the sidewalls. These 
reflectors, because of the small differential time delays 
between the direct and reflected components, cause a 
relatively low frequency large amplitude variation of the 
received signal envelope. Superimposed on this is a low 
level faster fading caused by reflections and scattering 
from more distant objects and the far walls. The 
effectiveness of this form of diversity in decorrelating 
the branch signals depends upon the relative time delays 
of the various received signal components.
Consider a two ray model in which signals, from the same 
transmitter, are received via two paths with a 
differential time delay of r. It has been shown in
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Chapter3 that a change in frequency of Af, given by:
will alter the signal amplitude from a local maximum to a 
local minimum and consequently the fading phenomenon 
becomes frequency selective. In this case the phase shift 
between the fading induced by such signals is 180° and the 
cross correlation between them will be -1. For a phase 
shift between the fading induced by such signals of 90° a 
frequency spacing of Af/2 will be required.
In the corridor the differential time delays between the 
direct and reflected components from the primary 
reflectors is quite small; for example the differential 
time delay of a single sidewall reflection is 0.7nsec. As 
a consequence of this an inordinately wide frequency 
spacing (714MHz) will be required to ensure a phase shift 
of 180° between the slow fading caused by such 
reflections. A separation of 5MHz is therefore too small 
to provide any significant degree of decorrelation and the 
low frequency large amplitude variations of the branch 
signals will be similar.
Over a large proportion of the corridor, reflections 
coming from the endwall ahead of the transmitter (such as 
single reflections off the endwall and reflections off the 
endwall after being reflected from the sidewalls) with
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longer time delays cause lower amplitude components which 
contribute significantly to the deep fading. The 
differential time delay of a single reflection off the 
endwall ahead of the transmitter is 53.3nsec, thus a 
frequency spacing of 9.4MHz is sufficient to provide a 
phase shift of 180° between the fading induced by such 
reflections. A frequency spacing of 5MHz will therefore 
provide 96° phase shift between such fades.
Although the power concentrated in the high frequency 
components, caused by reflections off the endwall ahead of 
the transmitter, form a very small proportion of the total 
power of the received signal envelope, figure8.5, 
selection combination between the diversity branch 
signals, figure8.3, reduced the depth of fading measured 
at any diversity branch alone. This is because the 
received signal components with long differential time 
delays contribute significantly to the deep fading.
The performance of the selection diversity scheme can be 
seen from the cumulative distributions of a diversity 
branch signal and the selection combination envelope, 
plotted on Rayleigh paper about the median, given in 
figure8.6 and the level crossing rate and average duration 
of fades shown in figure8.7. The diversity improvement 
measured at the 99.9% reliability point is 6.1dB and fades 
greater than 25dB below the mean level are eliminated.
260
With the branch signals 10MHz apart, fading caused by 
reflections off the endwall of the corridor becomes more 
decorrelated. Figure8.8 and figure8.9 show that the 
diversity improvement obtained at the 99.9% reliability 
point is 10.2dB with fades greater than 20dB below the 
mean level eliminated. It is evident from these results 
that this performance is significantly better than that 
measured with the branch signals separated by 5MHz, 
offering an additional improvement of 4.1dB at the 99.9% 
reliability point.
With the frequency spacing increased to 15MHz, an 
improvement of 11.66dB at the 99.9% reliability point is 
measured with fades greater than 20dB below the mean level 
recovered. The difference in performance obtained with the 
branch signals separated by 10 and 15MHz is quite small 
with the 15MHz separation offering an additional 
improvement of 1.46dB at the 99.9% reliability point.
The most distinctive feature of the measurements described 
at 5, 10 and 15MHz separations is that the performance
measured with the diversity branch signals separated by 
10MHz is significantly better than that obtained at 5MHz 
separation. A further small improvement is measured with a 
frequency spacing of 15MHz.
The cross correlation coefficient between the diversity
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branch signals, given by:
pxy=-
N
I  (Xj-XHYj-Y) 
1 = 1
" N 1/2
il (X.-X)2 I (Yj-Y)2 } 
i=l i=l
where X is the mean value of N samples X.
Y is the mean value of N samples Y.
has been computed for each experiment and plotted against 
the frequency separation between the diversity branch 
signals as shown in figure8.10. It can be seen that the 
correlation coefficient remains at a high value over the 
whole frequency range. This is because the low frequency 
large amplitude variations of the fading envelopes are 
highly correlated due to the small differential time 
delays between sidewall reflections and the direct 
component. It is also evident that the correlation value 
falls with increasing frequency separation, with a larger 
reduction measured as the frequency separation increased 
from 5 to 10MHz. These results are in agreement with the 
improved performance obtained at wider frequency spacing.
The diversity improvement has also been examined when the 
transmitter moved 10.5-12metres away from the receiver, 
where the received fading envelopes exhibit slower low
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frequency large amplitude variation. The envelopes 
obtained with the branch signals 5MHz apart are shown in 
figure8.11 with the selection combination envelope of 
these signals given in figure8.12. It is clearly seen that 
the two branch envelopes suffer somewhat different deep 
and fast fading. This behaviour has also been predicted 
from the simple ray model described in Appendixl-Chapter5. 
The predicted envelopes over that section in the corridor, 
assuming smooth walls all with the same dielectric 
constant, at two frequencies separated by 5MHz are shown 
in figure8.13.
The measured improvement is seen from figure8.14 and 
figure8.15, where an improvement of 3.4dB at the 99.9% 
reliability point is measured and the occurence of deep 
fading is reduced.
This performance is poorer than that measured with the 
terminals closer to each other. The power spectrum, 
figure8.16, is similar to that measured over the first 
section of the corridor with the power concentrated in the 
fast fading component significantly less than that 
concentrated at lower frequencies. The difference in 
performance is due to the shorter differential time delays 
between the various components of the received signal 
coming from the endwall of the corridor ahead of the 
transmitter. The differential time delay of a single 
reflection off the endwall is 23.3nsec, compared with
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53.3nsec when the transmitter moved 6-7.5metres. In this 
case the phase shift between the fading induced by such 
reflections will be 180° if the branch signals are 
separated by 21MHz. Therefore a frequency spacing of 5MHz 
will provide a phase shift between such fades of 43° and a 
correlation of 73%.
The cumulative distributions, the level crossing rate and 
average duration of fades of a diversity branch signal and 
the selection combination envelope measured with the 
branch signals separated by 10MHz are given in figure8.17 
and figure8.18. It is evident that the performance is 
significantly better than that measured with the branch 
signals 5MHz apart, offering a diversity gain of 8.2dB at 
the 99.9% reliability point. This is because the fading 
induced by reflections off the endwall of the corridor 
ahead of the transmitter become more decorrelated. The 
10MHz separation will provide a phase shift between such 
fades of 86° and 7.5% degree of correlation.
With the frequency spacing increased to 15MHz a small 
further improvement has been measured and fades greater 
than 25dB below the mean level eliminated.
The significant improvement in performance as the 
frequency spacing increased from 5MHz to 10MHz can also be 
seen as a drop in the cross correlation coefficient value 
shown in figure8.19. At larger frequency separation the
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correlation coefficient does not change significantly.
It can be concluded that, in a confined environment, where
the relative time delays of the various components of the 
✓
received signal is small, a frequency separation of 5MHz 
will provide a measurable diversity improvement. With the 
frequency spacing increased to 10MHz, the diversity 
improvement becomes much more significant.
Further measurements have been made in order to examine 
the diversity improvement with the transmitter moving 
close to the receiver.
The envelope of a branch signal and the selection 
combination envelope measured, with the branch signals 
10MHz apart, when the transmitter moved 2-3.5metres away 
from the receiver are shown in figure8.20 and the 
cumulative distributions of these envelopes given in 
figure8.21.
With the terminals close to each other reflections off the 
endwall of the corridor with long differential time delays 
will only contribute significantly to the most deep 
fading. The power spectrum, figure8.22, shows that the 
power measured in the received signal envelope is 
primarily concentrated at low frequencies caused by single 
sidewall reflections with a small differential time 
delays. The distributions, figure8.21, show no diversity
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improvement at %probabi 1 i t ies of 99% and less. This is 
because of the highly correlated low frequency large 
amplitude variations of the branch signals as well as 
insignificant reflections with long differential time 
delays. However, the diversity effect is evident for 
%probabi1ities of more than 99% where the received signal 
envelope exhibits deep fading during which reflections 
with long time delays become significant. The 
distributions show an improvement of 4.7dB at the 99.9% 
reliability point.
«« ««
8.1.2 Diversity Improvement In A I * Shape Corridor
The corridor is 12 metres long. 1.6 metres wide and 2.75 
metres high, and had a number of doorways leading off and 
plasterboard walls with a metal end wall.
The receiver, fixed on a tripod, was left stationary at 
the end of the corridor opposite to the metal wall as 
shown in figure8.23. The transmitter, mounted on a 
trolley, moved over a 1.5metres section along the centre 
line of the corridor starting at 5metres from the 
receiver.
8.1.2.1 Experimental Results
The envelope of a branch signal and the selection 
combination envelope, obtained when the transmitter moved
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5-6.5metres away from the receiver with the branch signals 
5MHz apart, are shown in figure8.24. The performance can 
be seen from cumulative distributions, the level crossing 
rate and average duration of fades given in figure8.25 and 
figure8.26. A gain of 8.05dB at the 99.9% reliability 
point has been measured and the occurence of deep fading 
reduced significantly.
In this corridor the differential time delay of a single 
reflection off the endwall of the corridor ahead of the 
transmitter is 27.3nsec. This is smaller than when the 
transmitter moved 6-7.5metres in the corridor environment 
described previously. Therefore fading induced by such 
reflections requires wider frequency spacing (18MHz) to 
ensure a phase shift of 180°. However, the diversity 
improvement is significantly better. This is because 
reflections off the metal endwall contribute more 
significantly to the deep fading. The power spectrum, 
figure8.27, shows that the amplitudes of the low level 
components with long time delays are higher than those 
measured in the longer corridor, figure8.5.
A significant improvement in performance, figure8.28 and 
figure8.29, has been obtained when the frequency spacing 
increased to 10MHz with fades greater than 15dB below the 
mean level eliminated.
A further small improvement in performance is again
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obtained with the frequency spacing increased to 15MHz.
The cross correlation coefficient measured between the 
branch signals as a function of frequency separation, 
figure8.30, is significantly lower than that measured in 
the long corridor. This is due to stronger reflections 
ahead of the transmitter which contribute to the deep 
fading more significantly.
These measurements show that, in a confined environment, 
the diversity improvement is not only determined by the 
relative time delays of the various components of the 
received signal, but also by the significance of such 
components in contributing to the deep fading. It was 
shown that in a short corridor with a metal end wall where 
the differential time delays are shorter than in a longer 
corridor, the diversity improvement is more significant.
8.1.3 Diversity Improvement In a Room
Measurements have been conducted in an almost square empty 
room the environment of which has been described in 
Chapter5.
The receiver was left stationary at one corner of the 
room. The transmitter moved over different sections, each 
of which is 5metres long, along the cross diagonal of the 
room and along the diagonal facing the receiver.
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8.1.3.1 Experimental Results Along The Cross Diagonal
The fading envelopes of the two branch signals, measured 
as the transmitter moved from one corner of the room along 
the cross diagonal with the branch signals separated by 
5MHz, are shown in figure8.31 and the selection 
combination envelope of these branch signals given in 
f igure8.32.
The low frequency fading in the room, caused by 
reflections from the primary reflectors (the walls 
adjacent to the receiver) with small time delays, requires 
an inordinately wide frequency spacing to be completely 
decorrelated. However, reflections off the far walls have 
longer time delays and fading induced by such reflections 
requires smaller frequency spacing to be decorrelated. As 
the transmitter moved over this route the longest 
differential time delays between single reflections off 
the two far walls and the direct component are 22.7 and 
46nsec, with the reflections of shorter delay of most 
significant. Fading induced by such components will have a 
phase shift between them of 180° if a frequency spacing of 
22 and 10.8MHz is utilised. Consequently a 5MHz spacing 
will provide a phase shift between fading caused by such 
reflections of 41° and 83° and thus 75.6% and 11.6% degree 
of correlation.
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The diversity improvement is evident on the envelopes of 
figure8.31 and figure8.32, the distributions of figure8.33 
and the level crossing rate and average duration of fades 
given in figure8.34. The gain at the 99.9% reliability
point is 6.7dB with all 30dB fades below the mean level
eliminated.
The improved performance measured with greater frequency 
spacing can be seen in figure8.35 (10MHz), where an 
improvement of 9.4dB at the 99.9% reliability point has 
been obtained.
With the frequency spacing between the branch signals
increased to 15MHz the cumulative distributions have shown 
an additional improvement of ldB at the 99.9% reliability 
point with all 25dB and 30dB fades below the mean level
eliminated.
The cross correlation coefficient as a function of 
frequency separation, figure8.36, has a similar shape as 
that measured in the corridor’s environment.
Further measurements have been made when the transmitter 
moved from the centre towards the other end of the 
diagonal cross diagonal.
The fading envelope of a diversity branch signal and the 
selection combination envelope, measured over a 5metres
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section with the branch signals 5MHz apart, are shown in 
figure8.37. The cumulative distributions, figure8.38, and 
the level crossing rate and average duration of fades, 
figure8.39, of these envelopes show a gain of 9.2dB at the 
99.9% reliability point and fades greater than 20dB below 
the mean eliminated.
Along this route the longest differential time delays of 
single reflections off the far walls are 31.4 and 
36.3nsec. Fading induced by such components will have a 
phase shift between them of 180° if a frequency spacing of 
15.9MHz and 13.7MHz is utilised respectively. Therefore a 
spacing of 5MHz will provide a phase shift between such 
fades of 56.6° and 65.7° and the degree of correlation 
between such fades will be 55% and 41.1%.
The performance measured over the second 5metres section 
of the cross diagonal is better than that measured over 
the first section. This is because, over the second 
5metres, reflections off both the far walls, with 
differential time delays of 31.4 and 36.3nsec, contribute 
to the received amplitude variation more significantly 
than when the transmitter moved over the first section, 
where reflections off only one far wall, with a shorter 
differential time delay, are significant. As a consequence 
of this, the power spectrum measured over the second 
section, figure8.40, exhibits two distinctive high 
frequency regions, while the spectrum obtained over the
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first section, figure8.41, exhibits one distinctive high 
frequency component.
With the branch signals 10MHz apart, figure8.42 and 
figure8.43, the performance is better with fades greater 
than 15dB below the mean level eliminated.
With the frequency spacing increased to 15MHz, a
performance not significantly different to that measured
with a frequency separation of 10MHz has been measured.
The variation in the cross correlation coefficient with 
frequency spacing has been computed as shown in
f igure8.44.
The measurements show that, with the receiver located at a 
corner of a room where the spacing between reflectors is 
relatively large, a frequency separation of 5MHz will
reduce the depth of fading effectively. With the frequency 
spacing increased to 10MHz, the diversity improvement is 
more significant.
8.1.3.2 Experimental Results Along The Diagonal
The fading envelopes of the two branch signals, obtained 
when the transmitter moved 7-12metres away from the 
receiver with the branch signals 5MHz apart, are shown in 
figure8.45 with the selection combination envelope between
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these signals given in figure8.46. Although the branch 
signals exhibit an identical low frequency large amplitude 
variation, the fast fading is somewhat different. As can 
be seen from figure8.46, selection combination reduced the 
depth of fading measured at any diversity branch alone.
The diversity improvement can be seen from the 
distributions of figure8.47, and the level crossing rate 
and average duration of fades of figure8.48. A gain of 
6.1dB at the 99.9% reliability point has been measured 
with fades greater than 25dB below the mean eliminated.
This performance is slightly better than that measured 
when the transmitter moved over the first section along 
the cross diagonal. This is because reflected signals off 
the far walls contribute more significantly to the deep 
fading and form a more significant proportion of the total 
power measured in the received fading envelope, as is
evident on the power spectrum shown in figure8.49.
The performance of the diversity system with the branch
signals separated by 10MHz can be seen from the
distributions shown in figure8.50. An additional gain of 
4.1dB at the 99.9% reliability point over that with the 
branch signals separated by 5MHz has been obtained with 
fades greater than 20dB below the mean level eliminated.
With a frequency spacing of 15MHz a further small
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improvement of 0.7dB at the 99.9% reliability point over 
that obtained with the branch signals 10MHz apart has been 
measured and fades greater than 20dB below the mean level 
recovered.
The correlation coefficient as a function of frequency 
separation has been computed as shown in figure8.51.
Further measurements have been conducted in order to 
examine the diversity improvement with the transmitter 
moving close to the receiver.
The fading envelope of a branch signal and the selection 
combination envelope measured, with the branch signals 
5MHz apart, when the transmitter moved 2-7metres away from 
the receiver along the diagonal are shown in figure8.52, 
with the cumulative distributions of these signals given 
in figure8.53. It is evident that a frequency spacing of 
5MHz is effective in reducing deep fading.
It can be seen that deep fading is only apparent when the 
terminals were more than 5metres apart and therefore the 
application of any diversity form before this range offers 
no advantage. However, at greater distances the envelope 
of the received signal suffers deep fading which can be 
reduced significantly with the application of such a 
diversity scheme. This improvement has been achieved 
because reflections off the walls far from the receiver
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with long time delays contribute significantly to the 
amplitude variation of the received fading envelope, as is 
evident on the power spectrum, figure8.54, measured when 
the transmitter moved 4.5-7metres away from the receiver.
In an ideal case where the walls are smooth all with the 
same dielectric constant. it has been found that the 
signal envelope will start to exhibit fades greater than 
20dB below the mean level when the terminals are 6.94 
metres apart. At this range the relative amplitudes of the 
primary reflected signals (single reflections off the 
walls adjacent to the receiver) and the direct component 
are -8dB and -9.4dB. Before this range the signal envelope 
suffers much shallower fading.
8.2 Outdoor Frequency Diversity Propagation Measurements
Measurements have been made along the main entrance to the 
university. The road started with buildings, the facades 
of which were of brick and concrete, located at both sides 
of the road. The spacing between the opposing buildings 
was not uniform with an average spacing of 14 metres. 
Further along the road, the spacing between buildings at 
both sides increased with concrete pillars and other 
objects present at the sides. The section, over which the 
measurements took place, ended with a tall rising building 
across the road. The road environment is clearly seen from 
f igure8.55.
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The receiver, fixed on a tripod, was left stationary at 
one side of the road with its antenna at 1.9 metres above 
the ground level. The transmitter, with its antenna of the 
same height as the receiving one, was mounted on a trolley 
and moved at an almost constant speed of 0.25metre/sec. 
The measurements have been conducted over sections of the 
road, each of which is 3 metres long, and for frequency 
separations between the diversity branch signals of 5 and 
10MHz. During each measurement vehicles and pedestrians 
were passing along the other side of the road.
8.2.1 Experimental Results
The fading envelope of a diversity branch signal and the 
selection combination envelope, measured when the 
transmitter moved 20-23metres away from the receiver with 
the branch signals separated by 5MHz, are shown in 
figure8.56. The envelopes can be seen to have two distinct 
frequency components; a low frequency large amplitude 
variation superimposed on which is a low level fast fading 
component. It can be also seen that the received signal 
envelope starts to exhibit deep fading when the terminals 
were almost 22metres apart.
The received signal envelope will start suffering deep 
fading when the amplitudes of reflected signals from the 
primary signal reflectors such as building surfaces
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located at both sides of the road are significant compared 
to the direct path between the transmitter and the 
receiver. In a road environment, assuming smooth building 
facades all with the same dielectric constant with a 
uniform spacing between the opposing buildings, it has 
been found that the signal envelope, with the terminals 
much closer to one side of the road, exhibits deep fading 
at distances when the relative amplitude of a single 
reflection from the building surfaces nearest to the 
terminals is greater than -5dB. However, with the 
terminals in the middle of the road, the received signal 
envelope will start suffering deep fading at distances 
when the relative amplitude of single reflections from 
buildings at both sides is greater than -8dB. The 
predicted envelope, assuming a uniform spacing between the 
opposing buildings of 14 metres, starts to suffer deep 
fading, with the terminals 4 metres from the nearest 
building surfaces, at a distance of 19 metres. Before this 
range the signal level is high and the envelope exhibits 
much shallower fading.
The power spectrum, measured when the transmitter moved
22-23metres, figure8.57, can be seen to have a very low 
frequency part caused by interference between the direct 
component and reflections off building surfaces located at 
the side of the road closer the terminals, and a 
distinctive region of higher frequency and less 
significance caused by reflections off building surfaces
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located at the other side of the road. The spectrum also 
exhibits some very low level high frequency components, 
with a maximum frequency approaching 2V/A (85Hz), caused 
by reflections ahead of the transmitter
The cumulative distribution of the branch signal envelope, 
plotted on Rayleigh paper about the median, given in 
figure8.58 is significantly better than the Rayleigh 
distribution. This is because reflections from building 
surfaces at both sides are present at a low level with 
respect to the direct path.
In such an environment the primary signal reflectors are 
the surfaces of buildings located at both sides of the 
road. Fading induced by building surfaces located at the 
side of the road nearest to the terminals requires an 
inordinately wide frequency spacing to be completely 
decorrelated. However, reflections off building surfaces 
located at the other side of the road have longer time 
delays and contribute to the amplitude variation 
significantly. The differential time delay of a single 
reflection is 27.6nsec. A frequency spacing of 18MHz is 
required to ensure a phase shift of 180° between the 
fading induced by such reflections (correlation of -1). 
Therefore a frequency spacing of 5MHz will provide a phase 
shift between such fades of 49.7° and a degree of 
correlation of 64.5%.
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Reflections ahead of the transmitter traverse longer paths 
and hence have longer time delays. Fading induced by such 
components requires smaller frequency spacing to be 
completely decorrelated.
Over this range the application of the frequency diversity 
scheme is effective in reducing deep fading, figure8.59 
and figure8.60. A gain of 7.7dB at the 99.99% reliability 
point has been measured and fades greater than 20dB below 
the mean level eliminated. Before this range the received 
signal level is higher and the envelope will not suffer 
deep multipath fading. Consequently the application of any 
diversity scheme offers no advantage.
The fading envelope of a branch signal and the selection 
combination envelope obtained when the transmitter moved
23-26metres away from the receiver with the branch signals 
5MHz apart are shown in figure8.61.
The power spectrum of the branch signal, figure8.62, 
smears over a narrower bandwidth because of the reduction 
in the rate of change in the differential path length 
between the direct and reflected components off building 
surfaces located at both sides of the road as the distance 
increases. The maximum fading rate (2V/A=85Hz) is not 
evident on the spectrum. This is because of the change in 
the environmental features and structures as the 
transmitter travels further along the road. The cumulative
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distribution, figure8.63, is near to the Rayleigh 
distribution because of the significant number of 
components of the received signal.
At this range, fading induced by single reflection off the 
more distant building surfaces requires a frequency 
spacing of 20MHz to provide a phase shift of 180°. A 
frequency separation of 5MHz will therefore provide a 
phase shift between fading caused by such reflections of 
45° and a degree of correlation of 70.7%.
The diversity improvement obtained under such conditions 
is demonstrated on the cumulative distributions and the 
level crossing rate and average duration of fades given in 
figure8.64 and figure8.65. A gain of 8.31dB at the 99.9% 
reliability point has been measured and fades greater than 
25dB below the mean level eliminated.
The improvement obtained over the same section but with 
the branch signals separated by 10MHz can be seen by 
visual inspection of the fading envelope of a branch 
signal and the selection combination envelope, given in 
f igure8.66.
It can be seen that the fading envelopes of the diversity 
branch signals measured at 5 and 10MHz are somewhat 
different. This is because of passing vehicles and 
pedestrians along the other side of the road. It is also
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noticeable that the mean received signal power is 
different due to the difficulty in setting up the 
experimental equipment.
The cumulative distributions measured with the branch 
signals 10MHz apart, figure8.67, show only a further small 
improvement over the performance obtained with 5MHz 
spacing.
At greater distances (29-31metres) the diversity 
improvement is also evident on the envelope of a branch 
signal and the selection combination envelope, figure8.68, 
measured with the branch signals 5MHz apart.
As the distance between the transmitter and the receiver 
increases the rate of change in the differential path 
length between reflections off building facades along both 
sides of the road and the direct component is further 
reduced and consequently the fading rate of such 
components becomes slower. The power spectrum, figure8.69, 
consists of a very low frequency component and frequency 
components of higher frequencies caused by single 
reflections off building facades at both sides of the road 
as well as by double reflections off opposite building 
surfaces, which become more significant as the distance 
increases.
The cumulative distribution, figure8.70, follows the
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Rayleigh distribution more closely because of the greater 
number of significant components of the received signal.
The performance obtained over this section is clearly seen 
on the distributions of figure8.71 and the level crossing 
rate and average duration of fades of figure8.72. An 
improvement of 9.1dB at the 99.9% reliability point has 
been measured and fades greater than 25dB below the mean 
level eliminated. Although the differential time delays of 
single reflections off building surfaces becomes shorter 
as the distance increases this performance offers 1.2dB at 
the 99% reliability point and 0.8dB at the 99.9% 
reliability point over that measured with the terminals 
closer to each other. This is because a number of 
significant components traverse longer paths and hence 
have longer differential time delays, such as double 
reflections off the opposite building facades. The 
differential time delay of such reflections is 33nsec, 
thus fading induced by these components requires a 
frequency spacing of 15MHz to ensure a phase shift of 
180°. A 5MHz spacing will provide a phase shift between 
such fades of 60°degree and a correlation of 50%.
The performance measured over the same section, but with 
the branch signals 10MHz apart, is seen on the 
distributions given in figure8.73. A gain of 9.1dB at the 
99.9% reliability point is obtained and fades greater than 
25dB below the mean level eliminated. Although this is
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similar to that measured with the branch signals 5MHz 
apart the 10MHz is more effective in reducing deep fading.
The envelope of a branch signal and the selection 
combination envelope obtained when the transmitter moved 
34-37metres away from the receiver with a frequency 
spacing of 5MHz are given in figure8.74.
The power spectrum, figure8.75, has a low frequency part 
which smears over a narrower bandwidth than that measured 
with the transmitter moving 29-31metres, figure8.69. The 
spectrum also exhibits a low level fast fading components 
caused by reflections ahead the transmitter with the 
longest differential time delays. The cumulative 
distribution, figure8.76, is slightly worse than Rayleigh 
distribution.
The diversity improvement obtained over this section is 
seen on the distributions given in figure8.77 and the 
level crossing rate and the average duration of fades 
given in figure8.78. A gain of 9.1dB at the 99.9% 
reliability point has been measured and fades greater than 
25dB below the mean level eliminated.
The diversity improvement obtained with a frequency 
spacing of 10MHz is shown on the distributions given in 
figure8.79, where the distribution of the branch signal 
cuts at a point 28dB below the median (receiver noise
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threshold). These distributions show more diversity 
improvement than that measured with a frequency spacing of 
5MHz.
The measurements show that in a street environment, with 
buildings located at both sides, a frequency spacing of 
5MHz will reduce the depth of fading effectively. With the 
frequency separation increased to 10MHz the diversity 
improvement will increase but not significantly. These 
results contrast with those measured in a long corridor 
because, outdoors, components of the received signal which 
have longer differential time delays play a more 
significant role in contributing to the deep fading.
At distances greater than 37metres from the receiver, the 
A.F.C was breaking lock and measurements with a frequency 
separation of 5MHz were unsuccessful. However further 
measurements with the branch signals 10MHz apart have been 
carried out.
The fading envelope of a branch signal obtained when the 
transmitter moved 40-43metres away from the receiver and 
the selection combination envelope are shown in 
figure8.80. The performance is evident on the 
distributions of these envelopes and the level crossing 
rate and average duration of fades given in figure8.81 and 
figure8.82. A gain of 11.9dB at the 99.9% reliability 
point has been measured and fades greater than 20dB below
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the mean level eliminated. This high performance is due to 
significant reflections of long differential time delays 
coming from the more distant building surfaces and objects 
present along the side of the road as is evident on the 
power sperctum given in figure8.83.
A high performance has also been measured when the 
transmitter moved 46-49metres away from the receiver as 
can be seen from the fading envelopes of figure8.84, the 
distributions of figure8.85 and the level crossing rate 
and average duration of fades of figure8.86.
The improved performance is due to significant reflections 
ahead of the transmitter which traverse longer paths with 
a maximum fading rate approaching 2V/X and have longer 
differential time delays. Such reflections become more 
significant as buildings ahead of the transmitter are 
approached. This is clearly seen on the power spectrum 
shown in figure8.87.
8.3 Conclusions
The effectiveness of the selection combination frequency 
diversity reception scheme in reducing multipath fading of 
a 60GHz mobile radio signal has been established in a 
variety of indoor and outdoor environments for frequency 
separations between the diversity branch signals of 5, 10
and 15MHz.
285
The measurements show that, in a confined environment, 
where the differential time delays between the components 
of the received signal are small, a frequency separation 
of 5MHz will provide a measurable diversity improvement. 
With the frequency spacing increased to 10MHz the 
diversity improvement is much more significant. At larger 
frequency separations the performance will increase but 
not significantly.
The diversity improvement is not only determined by the 
relative time delays of the various components of the 
received signal but also by the significance of such 
components in contributing to the amplitude variation and 
hence decorrelating the deep fading of the branch signals. 
It has been shown that the diversity improvement in a long 
corridor, where the longest differential time delay 
between the components of the received signal is 53.3nsec, 
is less significant than that measured in a shorter 
corridor with a metal end wall where the differential time 
delay is 27.3nsec.
The measurements conducted outdoors show that, in a street 
environment with buildings at both sides, the performance 
of the selection frequency diversity, with the branch 
signals separated by 5 and 10MHz, is not significantly 
different. This contrasts the results measured indoors 
because, outdoors, reflections of long differential time
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delays which contribute significantly to the deep fading 
form a more significant proportion of the total power 
concentrated in the received signal envelope. Over a 
separation of 37metres between the transmitter and the 
receiver, the measurements have shown a diversity gain 
about 5dB at the 99% reliability point and 9dB at the 
99.9% reliability point and fades of greater than 25dB 
below the mean level eliminated.
Further measurements have been conducted at greater 
distances between the transmitter and the receiver, with 
the branch signals 10MHz apart. The cumulative 
distributions have shown an improvement about 8dB at the 
99% reliability point and 12dB at the 99.9% reliability 
point. The improved performance is because reflections off 
buildings ahead of the transmitter, with long time delays, 
become more significant as such reflectors are approached.
The measurements conducted at 5 and 10MHz frequency 
separation indicate that a separation in this range will 
reduce the depth of fading significantly.
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Figure 8.6 Cumulative distributions of a diversity branch 
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with the branch signals 5MHz apart
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Figure 8.11 Fading envelopes of the diversity branch signals, 
with a frequency separation of 5MHz, obtained 
when the transmitter moved over the second 






Figure 8.12 Selection combination envelope of the branch 




































Figure 8.13 Simulated envelopes over the second section of 
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Figure 8.14 Cumulative distributions of a diversity branch 
signal and the selection combination envelope 
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Figure 8.15 Level crossing rate and average duration of fades 
neasured before and after selection with the 
branch signals 5KHz apart
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Figure 8.17 Cumulative distributions of a diversity branch 
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Figure 8.18 Level crossing rate and average duration of fades 
measured before and after selection with the 
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Figure 8 . 2 0  Fading envelop® of a diversity branch signal and 
the selection combination envelope measured 
when the transmitter moved 2-3.5metres with the 
branch signals 10MHz apart
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Figure 8.21 Cumulative distributions of a diversity branch 
signal and the selection combination envelope 
measured when the transmitter moved 


















Figure 8.24 Fading envelope of a diversity branch signal and 
the selection combination envelope measured when 
the transmitter moved 1.5m away from the
receiver with the branch signals 5MHz apart
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Figure 8.25 Cumulative distributions of a diversity branch 
signal and the selection combination envelope 
measured with the branch signals 5MHz apart
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Figure 8.28 Cumulative distributions of a diversity branch 
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Figure 8.31 Fading envelopes of the diversity branch signals 
measured over a Smetres section with the branch 
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Figure 8.33 Cumulative distributions of a diversity branch 
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Figure 8.34 Level crossing rate and average duration of fades 
measured before and after selection combination 
of the branch signals
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Figure 8.35 Cumulative distributios of a diversity branch 
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envelope measured over a 5metres section with 
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Figure 8.37 Fading envelope of a diversity branch signal and 
the selection combination envelope measured 
over a Smetres section with the branch signals 
5MHz apart
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Figure 8.38 Cumulative distributions of the a diversity 
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envelope measured over a Smetres section with 
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Figure 8.39 Level crossing rate and average duration of fades 
measured before and after selection with the 
branch signals 5MHz apart
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Figure 8.40 Power spectrum measured over a Smetres section 
along the cross diagonal of the room
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Figure 8.43 Level crossing, rate and average duration of fades 
measured before and after selection with the 









Figure 8.44 Correlation coefficient as a function of 
frequency separation between the diversity 
branch signals
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Figure 8.45 Fading envelopes of the diversity branch signals 
measured over a Smetres section along the 
diagonal with the branch signals separated by 
5 MHz




Figure 8.46 Selection combination envelope of the diversity 
branch signals measured over a Smetres section 
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Figure 8.47 Cumulative distributions of a diversity branch 
signal and the selection combination envelope 
measured over a 5metres section along the 
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Figure 8.48 Level crossing rate and average duration of fades 
measured before and after selection with the 
branch signals separated by 5MHz
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Figure 8.56 Fading envelope of a diversity branch signal and 
the selection combination envelope measured 
when the transmitter moved 20-23metres with the 
branch signals 5MHz apart
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Figure 8.58 Cumulative distribution measured when the 
transmitter moved 20-23metres
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Figure 8.59 Cumulative distributions of a diversity branch 
envelope and the selection combination 
envelope measured when the transmitter moved 
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fades measured when the transmitter moved 













Figure 8.61 Fading envelope of a diversity branch 
signal and the selection combination
envelope measured when the transmitter 
moved 23-26m away from the receiver with 
the branch signals 5MHz apart
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Figure 8.63 CDF measured when the transmitter moved 
23-26metres away from the receiver
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Figure 8.64 cumulative distributions of a diversity branch 
envelope and the selection combination envelope 
measured when the transmitter moved 23-26metres 
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Figure 8.66 Fading enve’ope of a diversity branch signal 
and the selection combination envelope 
measured when the transmitter moved 23-26m 
away from the receiver with the branch 
signals 10MHz apart
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Figure 8.67 Cumulative distributions of a diversity branch 
signal and the selection combination envelope 
measured when the transmitter moved 
23-26metres with the branch signals 10MHz apart
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Figure 8.68 Fading envelope of a diversity branch signal and 
the selection combination envelope measured 
when the transmitter moved 29-31metres away frm 
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Figure 8.71 cumulative distributions of a diversity branch 
signal and the selection combination envelope 
measured when the transmitter moved 29-31metres 
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Figure 8.72 Level crossing rate and average duration of fades 
measured before and after selection combination 
when the transmitter moved 29-31metres with the 
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Figure 8.73 Cumulative distributions of a diversity branch 
signal and the selection combination envelope 
measured when the transmitter moved 29-31metres 








Figure 8.74 Fading envelope of a diversity branch signal and 
the selection combination envelope measured when 
the transmitter moved 34-37metres with the 
branch signals separated by 5MHz
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Figure 8.75 Power spectrum measured when the transmitter 
moved 34-37metres away from the receiver with 
the branch signals 5MHz apart
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Figure 8.77 Cumulative distributions of a diversity branch 
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measured when the transmitter moved 34-37metres 
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Figure 8.79 Cumulative distributions of a diversity fading 
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measured when the transmitter moved 34-37metres 









Figure 8.80 Fading envelope of a diversity branch signal and 
the selection combination envelope measured when 
the transmitter moved 40-43metres away from the 
receiver with the branch signals separated by 
10MHz
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Figure 8.81 cumulative distributions of a diversity branch 
signal and the selection combination envelope 
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Figure 8.82 Level crossing rate and average duration of fades 
measured before and after selection when the 
transmitter moved 40-43metres with the branch 
signals 10MHz apart
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Figure 8.84 Fading envelope of a diversity branch signal and 
the selection combination envelope measured 
when the transmitter moved 46-49metres with the 
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Figure 8.86 Level crossing rate and average duration of 
fades measured before and after selection when 
the transmitter moved 4 6-49metres with the 
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Figure 8.87 Power spectrum measured when the transmitter 
moved 46-49metres away from the receiver
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Chapter9
RESULTS OF A 40GHz MOBILE RADIO FREQUENCY DIVERSITY 
MEASUREMENTS: COMPARISON WITH THE 60GHz MEASUREMENTS
The performance of the 40GHz mobile radio frequency 
diversity reception scheme has been examined and compared 
with that measured at 60GHz. Measurements, utilising 
similar experimental procedure, have been carried out in 
the indoor environments described in the previous chapter.
Further measurements at both 40GHz and 60GHz along the 
road environment, described in chapter8, have been 
conducted in order to examine the propagation mechanism at 
both frequencies.
9.1 Diversity Improvement In a Corridor
The fading envelopes of the two branch signals obtained, 
with the branch signals 5MHz apart, when the transmitter 
moved 10.5-12me tres away from the receiver are shown in 
figure9.1 with the selection combination envelope of the 
branch signals given in figure9.2.
The performance is clearly seen on the cumulative
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distributions, the level crossing rate and average 
duration of fades given in figure9.3 and figure9.4. A gain 
of 5.5dB at the 99.9% reliability point is measured and 
the occurence of deep fading reduced significantly.
This performance is better than that measured under 
identical conditions but at 60GHz, with the 40GHz offering 
a gain of 2.1dB more at the 99.9% reliability point. This 
is due to more reflections ahead of the transmitter (such 
as reflections off the endwall after being reflected from 
the ceiling and floor) which have arisen because of the 
wider elevation beamwidth of the 40GHz antennas. Such 
reflections with long differential time delays contribute 
significantly to the deep fading and increase the 
proportion of the low level components. The power spectra 
measured at 40GHz and 60GHz, figure9.5, indicate that the 
low level components of the 40GHz spectrum are of more 
s igni ficance.
With the frequency spacing increased to 10MHz, the 
distributions and the level crossing rate and average 
duration of fades, given in figure9.6 and figure9.7, show 
more diversity improvement. This performance also offers a 
small improvement over that obtained at 60GHz.
A further improvement has been obtained when the frequency 
separation increased increased to 15MHz. The performance 
is better than that obtained at 60GHz with the 40GHz
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offering about 3dB more at the 99.9% reliability point.
The most distinctive feature of these results is the 
better performance obtained at 40GHz in comparison with 
that measured at 60GHz. This is due to more components of 
the received signal with long time delays which contribute 
significantly to the deep fading. These components have 
arisen because of the wider elevation beamwidth of the 
40GHz transmitting and receiving antennas.
Measurements have also been made when the transmitter 
moved 6-7.5metres away from the receiver.
The performance obtained with the branch signals separated 
by 5MHz is evident on the envelopes of figure9.8, the 
distributions of figure9.9 and the level crossing rate and 
average duration of fades given in figure9.10. A gain of 
6.9dB at the 99.9% reliability point is measured and fades 
greater than 25dB below the mean level eliminated. This 
performance is not significantly different to that 
measured at 60GHz where an improvement of 6.1dB at the 
99.9% reliability point was measured.
The performance measured with a frequency spacing of 10MHz 
is illustrated on figure9.11 and figure9.12. A gain of 
9. 2dB at the 99.9% reliability point is obtained, and 
fades greater than 20dB below the mean level eliminated. 
This performance is not significantly different to that
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obtained at 60GHz.
With the frequency spacing increased to 15MHz, a further 
small improvement has been measured.
With the terminals 6-7.5metres apart, the received signal 
components which have arisen because of the wider 
elevation beamwidth (reflections off the endwall after 
being reflected from the floor and celing) are of less 
significance. The most significant components with long 
time delays which contribute to the deep fading are 
reflections off the endwall of the corridor ahead of the 
transmitter. The time delays of such components depends 
upon their path lengths which is independent on the 
operating frequency. The power spectrum measured at 40GHz 
is similar to that obtained at 60GHz, figure9.13, with the 
low level high frequency components weaker than those 
measured when the transmitter approached the end of the 
corridor.
ft ««
9.2 Diversity Improvement In a *----- * Shape Corridor
The performance of the 40GHz system in the corridor with a 
metal endwall has been examined and compared to that 
measured at 60GHz.
The envelope of a branch signal and the selection 
combination envelope measured, with the branch signals
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5MHz apart, when the transmitter moved 5-6.5metres away 
from the receiver are shown in figure9.14. The performance 
is demonstrated on the distributions of figure9.15 and the 
level crossing rate and average duration of fades of 
figure9.16. A gain of 9.2dB at the 99.9% reliability point 
is measured and fades greater than 20dB below the mean 
level eliminated. This performance is slightly better than 
that obtained under identical conditions but at 60GHz with 
the 40GHz offering an additional gain of 1. ldB at the 
99.9% reliability point.
The high performance measured at 40 and 60GHz is due to 
significant reflections ahead of the transmitter, with 
long time delays, caused by the metal end wall of the 
corridor. This is evident on both the 40GHz and 60GHz 
power spectra shown in figure9.17.
The performance measured with the branch signals 10MHz 
apart can be seen from the cumulative distributions given 
in figure9.18, and the level crossing rate and average 
duration of fades shown in figure9.19. A gain of 10.5dB at 
the 99.9% reliability point is measured and fades greater 
than 15dB below the mean level eliminated. This 
performance is also better than that obtained at 60GHz, 
with the 40GHz offering an additional gain of 2dB at the 
99.9% reliability point.
With the frequency spacing increased to 15MHz, an
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additional improvement of 1.ldB at the 99.9% reliability 
point is measured.
These results show that although the 40GHz offers more
improvement than that obtained at 60GHz, the difference is 
quite small. This is because the most significant
components of the received signal with long time delays
are reflections from the metal end wall of the corridor.
9.3 Diversity Improvement In A Room
It has been outlined in chapter6 that the fading
statistics of the 40GHz signal measured along the diagonal 
as well as along the cross diagonal are affected by the 
poor omnidirectional pattern of one of the 40GHz antennas. 
This has also been found to affect the performance of the 
A.F.C system particularly when the transmitter moved along 
the cross diagonal of the room with the branch signals 
5MHz apart. However, and for the purpose of comparison 
with the 60GHz measurements, the poor omnidirectional 
antenna was oriented in such a way to preserve the fading 
statistics to a certain extent. Measurements were made 
over two sections along the cross diagonal with the branch 
signals 10MHz apart.
The fading envelope of a branch signal and the selection 
combination envelope measured over a 5metres section when 
the transmitter moved from one corner along the cross
332
diagonal are shown in figure9.20. The performance is 
clearly seen on the cumulative distributions given in 
figure9.21. A gain of 8.05dB at the 99.9% reliability 
point is measured. This is not significantly different 
from that obtained at 60GHz where an improvement of 9.4dB 
at the 99.9% reliability point was measured.
Over the second section along the cross diagonal. the 
performance is evident on the envelopes of figure9.22 and 
the cumulative distributions of figure9.23. An improvement 
of 8.9dB at the 99.9% reliability point is measured. At 
60GHz a gain of 3.5dB more at the 99.9% reliability point 
has been obtained. The poorer performance is due to the 
influence of the poor omnidirectional antenna which every 
time was oriented in a different direction. The power 
spectra measured at 40GHz and 60GHz, figure9.24, are 
somewhat different. One distinctive high frequency region 
is evident on the 40GHz spectrum, while two regions are 
apparent on the 60GHz spectrum. This is because 
reflections off one far wall were attenuated by the 
radiation pattern of the 40GHz antenna.
9.4 Outdoor Propagation Measurements
Measurements have been made at 40GHz and 60GHz along a 
dual carriage way road, the environment of which is 
described in chapter8, in order to examine the propagation 
mechanism at both frequencies. The transmitter, mounted on
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a trolley, was left stationary at one side of the road 
with its antenna at 1.9metres above the ground. The 
receiver, with its antenna of the same height, was mounted 
on a trolley and moved at an almost constant speed away 
from the transmitter. Distance markers were recorded every 
2.5metres travelled by the receiver. The received signal 
strength was sampled at a rate of 5000 samples/sec.
9.4.1 Fading Characteristics
The received signal envelopes obtained at 40GHz and 60GHz 
when the receiver moved away from the transmitter are 
shown in figure9.25a (17.5-25metres) , figure9.26a 
(30-40metres) and figure9.27a (40-50metres) with the 
cumulative distributions of these envelopes given in 
figures9.25b to figure9.27b. The low frequency large 
amplitude variation of the received signal envelopes is 
caused by constructive and destructive interference 
between the direct component and reflections off building 
surfaces located at both sides of the road and off the 
ground. At 40GHz, ground reflections start to contribute 
to the received signal strength when the distance between 
the terminals is greater than 18.3metres, while at 60GHz, 
ground reflections start to contribute to the signal 
strength when the receiver travels a distance greater than 
54.3metres. The frequency of the amplitude variation 
decreases as the receiver moves away from the transmitter 
because of the reduction in the rate of change of the
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differential path length between the direct and reflected 
components as the distance increases. Superimposed on the 
low frequency large amplitude variation, is low level 
faster fading caused by reflections from obstacles ahead 
of the receiver.
The cumulative distribution measured at 40GHz when the 
receiver moved 17.5-25metres, figure9.25b, is closer to 
the Rayleigh distribution than that obtained at 60GHz. 
This is due to the greater number of significant 
components of the received signal arising because of the 
wider elevation beamwidth which allows ground reflections 
to occur earlier. At greater distances, figure9.26b and 
figure9.27b, the distributions measured at both 40GHz and 
60GHz follow the Rayleigh distribution.
On closer inspection, the fading envelopes and the power 
spectra measured at 40GHz and 60GHz when the receiver 
moved 20-22.5metres away from the transmitter, figure9.28, 
can be seen to have a very low frequency component caused 
by reflections from building surfaces located at the side 
of the road nearest to the terminals and from the ground 
when the antenna radiation pattern does not preclude them 
(40GHz). A frequency region of higher frequency but of 
less significance is also evident on the spectra. This is 
due to reflections from more distant building surfaces 
located at the side of the road. Reflections off obstacles 
ahead of the receiver cause a low level fast fading
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components with a maximum frequency approaching 2V/A.
The cumulative distributions measured over this section, 
figure9.29, indicate that the 40GHz distribution is closer 
to the Rayleigh distribution. This is because of the 
greater number of significant components of the received 
s ignal.
At greater distances, figure9.30 (35-37.5metres), the low 
frequency part of the spectra smear over a narrower 
bandwidth. This is because of the reduction in the rate of 
change of the differential path length between the direct 
and reflected components as the distance increases. It is 
also evident that the amplitudes of reflected components 
from the more distant building surfaces located at the 
side of the road are more significant compared to that 
obtained when the receiver moved 20-22.5metres.
The spectra obtained over this section exhibit a smaller 
proportion of fast fading compared to that measured when 
the receiver moved 20-22. 5metres. This is due to the 
change in the environmental features and structures as the 
receiver travels further along the road.
The cumulative distributions obtained at both 40GHz and 
60GHz, figure9.31, follow the Rayleigh distribution.
Further along the road, where reflections from buildings
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and objects ahead of the receiver become more significant, 
the proportion of the low level high frequency components 
increases, figure9.32 (47.5-50metres) with larger amount 
of fast fading measured at 40GHz. It is also evident that 
the the fading rate of reflections from building surfaces 
located at both sides of the road is further reduced.
The cumulative distributions measured at both 40GHz and 
60GHz, figure9.33, are approximately Rayleigh with the 
40GHz distribution cuts earlier because of the receiver 
noise threshold.
9.5 Conclusions
A comparison in performance between the 40 and 60GHz 
mobile radio links shows a further small improvement at 
40GHz. This is due to more components with long 
differential time delays. This has arisen because of the 
wider elevation beamwidth of the 40GHz transmitting and 
receiving antennas.
Measurements at both 40GHz and 60GHz in an outdoor 
environment indicated that the propagation mechanism is 
similar. The primary signal reflectors will be the 
building surfaces located at both sides of the road. 
Building surfaces located at the side of the road nearest 
to the terminals, because of the slow rate of change in 
the differential path length between direct and reflected
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components, will cause a relatively low frequency large 
amplitude variation of the received signal envelope. 
Building surfaces located at the other side of the road, 
because of the faster rate of change in their differential 
path length, will cause a higher low frequency amplitude 
variation of the received signal envelope. Reflections off 
objects opposite to the transmitter cause a low level fast 
fading components with a maximum frequency of 2V/X.
The power in the received signal envelope will be 
concentrated primarily at low frequencies caused by 
reflections off building surfaces located at both sides of 
the road. High frequency components, with a maximum 
frequency approaching 2V/X, are present at low level. The 
significance of such components vary with the change in 
the environment features and structures as the receiver 
moves away from the transmitter.
The stronger low level high frequency components with long 
time delays measured at 40GHz compared to those obtained 



















Figure 9.1 Fading envelopes of the diversity branch signals, 
with a frequency separation of 5MHz, obtained 
when the transmitter moved over the second 





Figure 9.2 Selection combination envelope of the branch 
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.4 Level crossing rate and average duration of fades 
measured before and after selection with the 










Figure 9.5 Power spectra measured at 40 and 60GHz when the 
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Figure 9.6 Cumulative distributions of a diversity branch 
signal and the selection combination envelope 
measured with branch signals 10MHz apart
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Figure 9.7 Level crossing rate and average duration of fades 
measured before and after selection with the 
branch signals 10MHz apart
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Figure 9.8 Fading envelope of a diversity branch signal and 
the selection combination envelope measured 
when the transmitter moved 6-7.Smetres away 
from the receiver with the branch signals 5MHz 
apart
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Figure 9.9 Cumulative distributions of a diversity branch 
signal and the selection combination envelope 
measured when the transmitter moved 
6-7.Smetres away from the receiver with the 
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Figure 9.10 Level crossing rate and average duration of fades 
measured when the transmitter moved 6-7.5metres 
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Figure 9.11 Cumulative distributions of a diversity branch 
signal and the selection combination envelope 
measured when the transmitter moved 
6-7.Smetres away from the receiver with the 
branch signals 10MHz apart
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Figure 9.12 Level crossing rate and average duration of fades 
measured when the transmitter moved 6-7.Smetres 












Figure 9.13 Power spectra measured at 40GHz and 60GHz when 
the transmitter moved 6-7.Smetres away from 
the receiver
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Figure 9.14 Fading envelope of a diversity branch signal and 
the selection combination envelope measured when 
the transmitter moved 1.5m away from the
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Figure 9.15 Cumulative distributions of a diversity branch 
signal and the selection combination envelope 
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Figure 9.16 Level crossing rate and average duration of fades 
measured before and after selection with the 












Power spectra measured at 40GHz and 60GHz when 
the transmitter moved 5-6.Smetres away from 
the receiver
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Figure 9.18 Cumulative distributions of a diversity branch 
signal and the selection combination envelope 
measured with the branch signals 10MHz apart
0 . 5
0 . JL
- 3 0 - 2 5 -20 
dB’ s below mean
-10 -5
i . 2 5 0
Figure 9.19 Level crossing rate and the average duration of 
fades measured before and after selection with 

















9 20 Fading envelope of a diversity branch signal and 
the selection combination envelope measured 
over a Smetres section with the branch signals 
10MHz apart
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9.21 Cumulative distributios of a diversity branch 
envelope and the selection combination 
envelope measured over a 5metres section with 













Figure 9.22 Fading envelope of a diversity branch signal and 
the selection combination envelope measured over 
a Smetres section with the branch signals 10MHz 
apart
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Figure 9.23 Cumulative distributions of a diversity branch 
envelope and the selection combination envelope 










Figure 9.24 Power spectra measured at 40 and 60GHz over a
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Figure 9.25a Fading envelopes measured at 40GHz and 60GHz when 
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9.25b Cumulative distributions measured at 40GHz and











Figure 9.26a Fading envelopes measured at 40GHz and 60GHz 
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Figure 9.26b Cumulative distributions measured at 40GHz and 








Figure 9.27a Fading envelopes measured at 40GHz and 60 GHz 
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Figure 9.27b cumulative distributions measured at 40GHz and
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Figure 9.28 Fading envelopes and power spectra measured at
40GHz and 60GHz when the receiver moved 20-22.5m
away from the transmitter
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Figure 9.29 cumulative distributions measured at 40GHz and 
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Figure 9.30 Fading envelopes and power spectra measured at
40GHz and 60GHz when the receiver moved
35-37.5m away from the transmitter
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Figure 9.32 Fading envelopes and power spectra measured at 
40GHz and 60GHz when the receiver moved 
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CONCLUSIONS AND FURTHER WORK
10.1 Conclusions
The narrow band fading statistics of 40GHz and 60GHz 
mobile radio signals in a variety of indoor and outdoor 
environments under line of sight and obstructed line of 
sight conditions have been established. Furthermore the 
influence of different partition materials on the fading 
statistics has also been described.
Signal variability due to multipath propagation is reduced 
by employing a single transmitter frequency diversity 
reception scheme. This scheme has the major advantage of 
reducing the system complexity at both the base station 
and the mobile unit. A single aerial at the transmitter is 
required. The receiver, with a common RF stage, requires 
one antenna with a means of selection or combination of 
the two branch signals. This diversity scheme can be 
implemented with minimal extra expense.
Indoors, measurements at both 40GHz and 60GHz indicated 
that multipath propagation caused by reflections of the
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radio waves from walls, floor, ceiling and other obstacles 
produce a signal that is highly variable throughout the 
room in which the transmitter is located. The primary 
reflectors will be the surfaces of the room that lie close 
to the direct path between the transmitter and the 
receiver (such as the nearest sidewall and the floor and 
the ceiling when the antenna radiation pattern does not 
preclude them). These reflectors, because of the slow rate 
of change in the differential path length between the 
direct and reflected components as the receiver moves away 
from the transmitter, will cause a relatively low 
frequency, large amplitude variation of the received 
signal envelope. Superimposed on this is low level, faster 
fading caused by reflections and scattering off more 
distant objects and the far walls.
The power in the received signal envelope will be 
concentrated primarily at low frequencies. High frequency 
components, due to reflections off surfaces opposite to 
the transmitter, are present at low level and increase 
significantly only when the receiver approaches the 
ref lectors.
The cumulative distribution of the received signal 
envelope, obtained as the receiver moves through the 
standing wave pattern, has been found to be approximately 
Rayleigh, but wide variation from this has also been 
observed because the relative amplitudes of the various
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reflected components and the direct component vary 
significantly over the confined environment.
The higher order statistics of the received signal 
envelope, although the distribution of the signal envelope 
is near to Rayleigh, do not follow that of the Rayleigh 
fading model. This is because of the small number of 
significant components of the received signal. Fades have 
been found to occur at a rate slower than that computed 
from the expression of the Rayleigh model and the average 
duration of these fades is longer. The occurence of fades 
and their average duration varies over the confined 
environment because the relative amplitudes of the 
received signal components vary significantly.
The presence of different partition materials will lead to 
somewhat different fading charactersitics. Primary 
reflectors of higher reflectivity, because of more 
significant multiple reflections, will cause the received 
signal envelope to have additional low frequency 
components. Reflections from the far walls after being 
reflected off a highly reflective primary reflector will 
increase the proportion of the higher frequency fading. 
The proportion of fast fading will further increase if the 
far walls themselves are highly reflective.
The basic propagation mechanism at 40GHz and 60GHz is 
similar. The wider elevation beamwidth of the 40GHz
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tnnsmitting and receiving antennas allows for reflections 
off the floor and ceiling to occur. These reflections 
coitribute to the amplitude variation with a relatively 
lov frequency component. The wider elevation beamwidth 
will also allow for reflections from the far walls after 
being reflected from the floor and ceiling. These 
conponents will add to the amount of the high frequency 
fading.
The cumulative distribution of the received signal 
envelope measured at 40GHz was much closer to the Rayleigh 
distribution than that measured at 60GHz. This is due to 
the greater number of significant components of the 
received signal arising because of the wider elevation 
beamwidth which allows for reflections off the ceiling and 
the floor.
Obstructed line of sight measurements at 60GHz indicated 
that, in a confined environment, blockage of the direct 
path between the transmitter and the receiver cause the 
received signal power to drop dramatically. That is, 
reflections off the walls are not sufficient to provide 
coverage into the shadow region.
Outdoors, multipath propagation is caused by reflections 
off building surfaces located at both sides of the road, 
the ground. passing vehicles, pedestrians and other 
obstacles ahead of the receiver. The primary reflectors
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will be the surfaces of buildings located at both sides of 
the road and the ground. These reflectors, because of the 
slow rate of change in the differential path length 
between the direct and reflected components as the
receiver moves away from the transmitter, will cause a
relatively low frequency large, amplitude variation of the 
received signal envelope. Superimposed on this is faster 
fading caused by reflections and scattering from objects 
and obstacles ahead of the receiver.
The power in the received signal envelope is concentrated 
primarily at low frequencies caused by reflections off 
building surfaces located at both sides of the road.
Frequency components, with a maximum frequency approaching
2V/X, caused by reflections opposite to the transmitter 
are present at a low level. The significance of such
reflections vary as the range increases according to the 
change in the environmental features and structures.
The cumulative distribution of the received signal
envelope departs from the Rayleigh distribution when the 
terminals are close to each other because a relatively 
strong line of sight component prevailed between the
transmitter and the receiver. At greater distance, the
number of significant components of the received signal 
increases and the cumulative distribution of the received 
signal envelope has been found to be approximately 
Rayleigh.
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The drift in the IF signal, caused by the frequency 
instability of the 40GHz and 60GHz sources, has been 
corrected by incorporating an automatic frequency control 
system (A.F.C) in both receivers. The closed loop system 
has a capture and hold in range of 10MHz, and can cope 
with a highly variable input signal.
Signal variability due to multipath propagation at 40GHz 
and 60GHz in a variety of indoor and outdoor environments 
is reduced by employing a selection combination frequency 
diversity reception scheme. The effectiveness of this form 
of diversity in decorrelating the branch signals depends 
upon the relative time delays of the various components of 
the received signal. Indoors the slow fading caused by 
reflected components from the primary reflectors, because 
of the small differential time delays between the direct 
and reflected components, will require an inordinately 
wide frequency spacing to be decorrelated. However, over a 
large proportion of the room the lower amplitude 
components, with long time delays, contribute 
significantly to the deep fading.
The frequency diversity propagation measurements, 
conducted at 5, 10 and 15MHz frequency separations between 
the two branch signals, indicated that in a confined 
environment, where the differential time delays of the 
various received signal components are small, a frequency
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spacing of 5MHz will provide a measurable diversity 
improvement. With the frequency spacing increased to 
10MHz, the diversity improvement is much more significant. 
A small further improvement is obtained with the frequency 
spacing increased to 15MHz.
For a frequency spacing of 5MHz with the mobile terminal 
at the centre of a 15metres long corridor, the diversity 
improvement measured at the 99.9% reliability point was 
6.1dB with fades greater than 25dB with respect to the 
mean eliminated. With the frequency spacing increased to 
10MHz, the diversity gain at the 99.9% reliability point 
was 10.2dB with fades greater than 20dB below the mean 
eliminated.
The study concludes that a frequency separation between 
the diversity branch signals of 10MHz is wide enough to 
decorrelate the branch signals so that selection 
combination will reduce the depth of fading significantly.
The most distinctive feature between the 40GHz and 60GHz 
measurements is the better performance obtained at 40GHz. 
This is due to the greater number of components of the 
received signal with long differential time delays which 
have arisen because of the wider elevation beamwidth (such 
as reflections off the far walls after being reflected 
from the floor and ceiling).
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Outdoors the frequency diversity measurements made over a 
37 metres section along a road, with buildings located at 
both sides, indicated that a frequency spacing of 5MHz 
will decorrelate the branch signals so that selection 
combination will reduce the depth of fading significantly. 
With the frequency spacing increased to 10MHz, the 
performance improves but not significantly. These results 
contrast those measured indoors because in the more open 
environment components with longer time delays contribute 
more significantly to the deep fading.
For a frequency spacing of 5MHz, the diversity improvement 
measured at the 99.9% reliability point was 9dB and fades 
greater than 25dB with respect to the mean eliminated. At 
greater distances, where reflections from buildings 
opposite to the transmitter with long time delays become 
more significant, the diversity improvement measured, with 
the branch signals 10MHz apart, was 12dB at the 99.9% 
reliability point.
It can be concluded that a frequency spacing between 5 and 
10MHz is large enuogh to decorrelate the branch signals so 
that selection combination will reduce the depth of fading 
s igni f icantly.
Measurements at both 40GHz and 60GHz indicated that the 
propagation mechanism is similar with larger amount of low 
level high frequency components, with long time delays,
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measured at 40GHz as the range increases. This will 
therefore provide an additional diversity improvement at 
40GHz.
10.2 Further Work
Having established the narrow band charactersitics of a 
millimetre wave mobile radio channel, a model that 
represents the microcellular mobile radio enviromnent 
could be useful for estimating the fading statistics. A 
better knowledge of the transmission and reflection 
properties of different partition materials would be 
desirable for greater understanding of the propagation 
process.
Wideband, sweep frequency, measurements could be made to 
investigate the wideband characteristics of such fading 
channe1s .
Digital transmission of pseudorandom sequences would allow 
bit error rate (BER) measurements. Furthermore a few 
modification to the frequency diversity system would allow 
for measuring the improvement in the bit error rate as a 
function of frequency separation between the two branch 
s ignals.
Multipath fading could also be reduced by the application 
of other diversity techniques such as time diversity and 
spread spectrum. A comparison in performance between
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different schemes could yield to an inexpensive, high 
performance, millimetre wave mobile radio system for the 
future.
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